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PREFACE 


Electkical engineering literal ure to-day does not, as a rule, 
piovide the reader ^\itll mneh information dealing ^\itll prac- 
tical expt'ricnce. The innumerable books ])ul)lished offer to the 
student and the practising engineer sound inforinatjon lor the 
theoretical solution of his problems, but they tend to give too 
little attention to those j)roblems, encountered during the 
manufac ture and operaticni of electrical machines and appara- 
tus, which can be brieflv described as '‘troubles.” 

ITnfortunately most firms and individuals kee]) their mis- 
takes and breakdowns to themsehes, and this tends to prevent 
})ubli(*ations from l)eing as interesting and instructive as they 
might be to erection engineers, designeis, and works managers. 
On this account, it was decided to experiment wutli a 
new method of ap])roach which may be called “a treatise on 
troubles. ' 

The result of the experiment, this book, will therefore 
descTibe phenomena arising during testing, assembling, putting 
into service, and more ])artieularl\ the exjierience gained in 
connection with the maintenance and repair of i)lant which 
has given trouble. The actual breakdown is made the principal 
point ill every case and its causes, progress and results are 
described as clearly as possible. Afterwards those methods of 
treatment are described which can Ik‘ carried out on site. 
Methods which are only practicable in the sujipliers’ factory 
are not included. The same a})])lies to measurements necessary 
when testing for taults. Sfiecial meters and the auxiliary 
devices of the works ele(*trical test are assumed not to be avail- 
able. A brief mention is made, however, of those which 
facilitate efficient maintenance and operation as well as recon- 
struction. It is assumed that the reader is familiar with the 
general theories on wdii(*h machines, apparatus, and installa- 
tions are designed, as well as their construction and method 
of operation, or that he will make himself acquainted with 
them from a textbook. Only in a few important cases is the 
complete theoretical or physical basis discussed. 

The scope of the book has been limited to heavy current 
machines, apparatus and plant, which of course, automatically 
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excludes certain important types of trouble. Even as it is, 
the material available has had to be drastically curtailed. 

To obtain actual personal experiences of faults in the 
different sections, the co-operation of si)ecialists in the various 
types of machines lias been obtained. 

These collaborators include Herr H. Knopfel for Part 1 
( ‘Electrical Macliiiu^s ’) assisted by Herr F. Ko^^ijen for (^hapter 
VI on “ Vibration ; Herr A. Meyerhans for Part 2 ('‘Trans- 
formers') and Herr R. Keller for l^irt 3 (“Apparatus "). 
Dr. H. Staler dealt with the troubles arising in materials in 
Part 4, whi(*h are rather exceptional due to their physico- 
chemical nature. 

The I'ontribiitions of these collaboiators were arranged and 
expanded by the author and made uniform witlj the remainder 
of the book as regai ds method of description and diagrams. 

The author’s best thanks are due to the Biovmi Bov^eri C^o. 
of Baden and particularly their technical director, Herr M. 
Sehiesser. His inspiring reception of the proposals and ])er- 
mission to carry them out were important fa(*tors in bringing the 
book to completion. In addition, thanks are due to the Brown 
Boveri (V). for enabling the (*ollaborators to provide their 
(jontributions as well as iacilitating the work in every way. 

Thanks are also diu* to the author’s fellow workers here for 
their zealous and persevering share in the whole undertaking. 

ROBERT SPIESER 


\\ INTRRTHTMt, Aui/iWt. 19:12 



FOREWORD TO THE ENGLISH EDITION 


Development and progress in electrical machinery usuallj" 
take place by two quite distinct processes. In the one case, 
there is the application of fundamental scientific laws in. the 
study of electrotechnical and mechanical problems, while the 
second line of attack ratliei* depends on experien(‘e and the 
ac cLinudatioii of data on the behaviour of similar apparatus in 
service. There are a very large number of textbooks in existen(*e 
describing the fundamental laws of electrotechnics which only 
diller in the method of presenting the information. There are 
also many books available showing how these fundamental 
principles can be applied in the design oi electrical machinery. 
Textbooks on servi(*e experience, liowever, are almost non- 
existent, even though this contributes quite as much to the 
(‘onstruction of modern apparatus as theory. It is unfortunate 
that this should be the case, because it is in practical experience 
that we find the variety, and this phase of our activity cer- 
tainly justifies far more literature than the other. A funda- 
mental electrotech iii(*al law^ is permanent and one. or at tlie 
most two, well-written books ought to be sufficient in the 
World. The s(*ope for literature dealing w ith faults and failures 
of electrical machinery in service is almost unlimited, since as 
new^ industries are t^lectrified, new' types of trouble develop. 

The translator lias been faced with a difficult problem. Not 
only are thcje phrases in our own language peculiar to electrical 
Jengineers, but e(|ually peculiar are some of the German equiva- 
lents for which no dictionary offers a reasonable translation. 
In s])ite of this, the Knglish adequately covers the subject- 
matter, and througliout the book there is close agreement 
between the German and English editions. 

Some of the methods descri!)ed of rectifying faults are not 
tJiose normally employed in this country, and in fact, some of 
the troubles are virtually unknown here. Nevertheless, prac- 
tical experience in service is always material for debate as to 
cause and remedy, and the setting out of the evidence on actual 
troubles in book form represents a distinct step iorw^ard in 
engineering literature. 

J). B. HOSEASON 

'I’rafford Dark 
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SPECIAL NO.TE 

It is evident that this book cannot ])rofess to deal exhaustively 
with all as})ects of the faults and failures \\hich may be ex|)e- 
rieneed in the operation of electrical plant. 

In ord(*r. therefore, to extend the scope of future editions, 
the Autlior cordially invites readers who have encountered 
troubles in electrical machines, transformers or apparatus or 
in the materials used in their construction, to accpiaint him 
with their experiences. 

All comiuuni(*atious should be addressed to- 

Trof. l)i])l.-In^. Robert Sptesek, 

Winterthiu (Sw itzerland), 

St (ileoratmstrasse 12. 
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FAULTS AND FAILURES 
IN ELECTRICAL PLANT 


PAIJT 1 

KLK(Tin(’AL MACHINES 
(’HA1*1’EK I 

EXCESSIVE TEMPERATURE RISE 

1. Definition, fn tliis chaptcT the o\c(*ssiv(‘ toin]K*ratiire rise 
of ail electrical machine is not taken as meaninj^ tlie overheating 
of individual parts, such as may o(‘cur in disturl)ances of a 
localized character, hut rather a general rise in tem])erature 
tlnoughout the machine. It may hapjaai in a general excess 
tem])erature rise' of this kind that the safe tem])erature limits 
are exceeded at various ])oints in the machine, and that destruc- 
tion of the surrounding insulation occurs at individual points 
which are ex])osed to consideral)le thermal stress. 

In order to save wcaglit and so reduce cost, modern machines 
are not built to such robust s])ecifications as earlier designs, a 
])oint for which every works engineer must allow in comparing 
earlier and later ty])es when lie finds that the earlier type of 
machine remains cooler. Reliable operation of a machine may 
be consider(‘d as ])ermanently assured as long as the tem])era- 
ture rise of the individual ])arts remains within the limits laid 
down in the standard specifications of the various countries. 

These specifications are based on many years’ experience and 
research on the thermal strength of* the various insulating 
materials and the 2 >erforman(*e of the various components-- 
bearings, slip-rings and (‘ommutators — at high temperatures. 
If therefore their temperature rises remain below' the values 
laid down in the sfiecifications, no part of the machine is 
endangered. Nor will it suffer harm if these values are slightly 
exceeded for a short time. On the other hand, (iontinual 
heating above the permissible limit undoubtedly shortens its life. 

1 
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2. Injurious Temperature Rise. The temperatures which 
cause damage naturally vary in degree for the individual parts 
of the machine. \A temperature of 150° C. will hardly cause 
serious damage on a commutator, for example, although the 
contact surface will probably be changed in colour and the 
whole commutator slightly distorted^ Permanent damage, 
e.g. of the insulation, need not however be feared. A bearing! 
is capable of running satisfactorily at temperatures of 90° to/ 
100° (\ and over, provided the oil employed is suitable. ^ 

On the other liand, insulation once overheated loses its 
electrical and mechanical strength, more or less according to the 
degree and duration of the over-heating, and the quality of the 
machine is accordingly lowered. 

The maxinuim temi)erature to which a portion of a wind- 
ing and its insulation may be continuously exposed is that 
temperature at which no injurious change in the insulation 
occurs due to loosening of the structure. The sev erest mechani- 
cal_stress which the insulation must withstand occurs for the 
most^part during manufacture of the winding. A certain re- 
duction_in_thc mechanical strength during service is, therefore, 
n()^neeessarily serious. It is not easy, however, to estimate the 
actual extent to whicli this reduction in mechanical strength 
is permissible. Results of tests have been published by various 
investigators* on the change in the mechanical properties of 
insulating materials, particularly of cotton, silk, paper, and 
vaniished cloth under the sustained action of heat (see Chapter 
XXXIX, para. 1). Schuler’s tests have become the basis of 
the rules drawn up by the Verband Deutscher Elektroteehniker 
for the maximum permissible temperature rises. 

3. The Maximum Permissible Temperature Rise. The maxi- 
mum permissible temperature rises for the various parts of a 
machine are for the most part laid down in the specifications of 
the various countries^ for the testing of electrical machines. In 
doubtful cases the manufacturer will also supply information. 

4. Permissible Overloads. Machines built for continuous 
operation are often required to withstand short-time overloads. 
The limits within which this is permissible depend upon the 

* Schuler; E,T.Z„ 1916, p. SSu. Stager: Elektrolechnische laoliermater- 
ialietif 1931, pp. 139, 160, 276. MOllering; Ekktr, Betr., 1924, p. 247. Rayner : 
Journal I.E.E.^ Vol. .34, p. 613. 

t For example Kuleb for the Ratmg and Testing of Electrical Machines, 
R.E.M.y 1930. (In German.) Also see British Standard Specifications 168 
and l69. 
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temperature of the machines ]>rior to the overload and upon 
their design. In the case of large units with windings equipped 
with resistance thermometers, it is possible to observe the 
temperature rise satisfactorily during overload and to act 
before there is any damage. For medium size and small 
machines measuring instruments of this kind are not usually 
available and recourse must be had to estimating. A current 
overload of 125 per cent applied for about JO to 15 min., 150 
per cent for 2 to 3 min., and 200 per cent for 1 to 1^ min. 
may usually be applied with safety in the case of open type 
induction motors and d.c. machines up to a rating of about 
200 kW. In such cases, the temperature rises allowed by the 
standard specification may often be ex(*eeded without damage 
to the ma(*hine. 

If machines are to run at loads other than those provided for 
in the tender, it is always advisable to refer to the manufacturer. 

5. Temperature Rise Measurements. If it be suspected that 
the temperature rise of a machine is too high, the first step 
is to determine as correctly as possible the actual value of the 
temperature. Estimates of the temperature by feeling with 
the liand almost always lead to erroneous (ionolusions. Much 
practice is necessary to estimate the temperature even roughly 
by touch. Useful results can be obtained only by using ther- 
mometers, thermo-(;ouples, i-esistance thermometers, and resist- 
ance measurements. 

(a) Thekmojvieteks. Since mercury or alcohol thermometers 
are usually employed for everyday temperature measurements, 
some remarks as to the importance of inserting them correctly 
will not be out of place. 

Care must be taken in inserting a thermometer at the point 
where the measurement is to be made, that the value measured 
is not affected by external influences. In the first place the 
thermometer must be in proper contact with the part of the 
machine to be measured and for this purpose the ball of the 
thermometer should be wrapped with tin-foil. In order to 
avoid radiation or the effect of currents of cooling air, a small 
pad of cotton wool or waste about 1 in. in width and length 
and J in. thick should be placed on the bulb and the whole 
properly fastened with string or tape. Small pieces of wood, or 
better still, of cork, suitably hollowed out, are also useful for 
keeping thermometers tightly in place. Fig. 1 shows two 
examples of the attachment of thermometers. In attaching to 
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bare parts of windings, care should be taken that no short cir- 
cuits occur between adjacent turns. For measurements on parts 
of windings through which heavy currents flow, e.g. coil ends, 
alcohol thermometers are better, as the mercury bulb may be 
influenced by leakage fields. Thermometers arranged hori- 
zontally or inclined only at a slight angle may give inaccurate 
readings owing to the “creeping” of the mercury. 

If thermometers are to be inserted at points which are only 
accessible after removal of covers, a considerable time elapses, 
as a rule, from the shutting down of the machine until the 



Fkj. I. MkASUHKMKNT of TwMPKHATrKK BY ThEKMOMETKU 

(a) Till -foil i*ovf*r on inercury bull). 

(/<) ('<»nv(*t arrangcnitMit on a <*oil oiul S. 

(r) ('orroi't arrangrinont lM‘t\MM*n two I'oil salos. 


thermometer is read so that an appreciable drop in temperature 
has occurred in the meantime. In this case, it is advisable 
to use maximum thermometers which continue to indicate 
correctly the liighest temperature which has occurred during 
operation or at some time after shutting down, inserting the 
thermometers in position before starting up the machine. 

(6) Resistance Measurement. The resistance of a winding 
increases with the temperature. If the resistances of the wind- 
ing in the cold and the warm state are measured, the mean 
temperature increase may be determined from the variation 
in resistance in the following manner. 

If Ra denotes the resistance measured at the temperature 
Ta ° C. with the machine in the cold state and R^ the resistance 
measured in the warm state with the cooling medium at the 
temperature ° C. at the end of the test, the temperature rise 
of a copper winding during continuous operation may be 
calculated from the formula — 

T, - [(R, - R,)IR,] . (235 + T,) - (r, -- rj ° C. 
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The resistance may either be determined by measuring the 
current and voltage when direct current is supplied to the 
winding, or witli a suitable resistance measuring box 
6. General Causes of Excessive Temperature Rise. If a 
machine is subject to ex(*essive temperature rises the many 
possible causes must be investigated 

(a) Abnormal JjOADs. On the occasion of an excessive tern- 
perature rise the first step is to check the voltage, current 
speed, and frequency of the machine. It the voltage is exces- 
sive, tlie temperature rise of the iron will increase chiefly 
owing to the greater iron losses. An increased temperature 
rise of the winding embedded in the iron is naturally brought 
about by this increased temperature rise in the iron. In the 
case of synchronous and asynchronous machines as w^ell ah 
rotary converters, tire increased voltage requires a larger excit- 
ing current if the speed or fiequen(*y remains unchanged, with 
a consequent increase in the temp^'ratui'c rise ot the windings. 

Excessive load currents heat uj) the windings to an abnormal 
degree and also cause an iiKTcase in temperature of the adjacent 
iron parts, in tlie case of asynchronous machines an increase 
in the stator current means a corresponding increase in the 
rotor (‘urrent and consequently in the temperature rise of the 
rotor. 

An e\c(^ssive wattless load, i.c. too low a power factor with 
normal voltage and kilow^atts, necessitates increased excitation 
of symdironous machines and converters. The chief result is 
increased temperature rise in the field windings. In the case 
of converters the temperature rise of the armature also increases. 

When macliines operate at excessive load currents, per- 
manent damage to the insulation may oc<*ur after a short period. 
The insulating qualities of mi(*a products are, it is true, not 
greatly impaired since in the first place only the mica carriers— 
such as cotton, silk, and paper — become brittle or are, at the 
worst, carbonized. In the case of insulations consisting of 
cotton, silk, or paper alone, the damage is however, appreciably 
greater. The layer of insulation which has become brittle will 
gradually be chafed through, in the case of conductors exposed 
to any mechanical vibration, and short circuits between turns 
may occur. 

Fig. 2 shows the coil ends of a motor which was overheated 
for several hours by a continuous overload current. Traces of 
incipient charring of the insulation are visible on the back of 
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the end windings, but the insulation on the wires in the centre 
of the coil is naturally most affected. This overheating and 
destruction of the insulation ultimately caused a short circuit 
between turns. 


Commutators and slip-rings also exhibit a greater tempera- 
ture rise on overloads, though not to the same degree as the 
windings, since in this case in addition to the increased losses 

due to the current, 





there also occur 
appreciable losses 
due to friction which 
remain practically 
unchanged when the 
current increases. 


Excessively low 
generator speeds like- 
wise lead to a high tem- 
perature rise in the field 
windings owing to the 
greater field currents 
v necessary to maintain 

V \ normal voltage. 

\ ‘ (6) Excessive Time 

^ T' OF Applicatfon oe 



Load. When machines 
are overloaded for a 
short time or intermit- 
tently , consideration 


. ..A 

Fi«. 2. Burnt-odt Coil End in thk 
Stator of a Three-phase Motor 


must always be given 
to the temperature rise. 
It should be remem- 


bered that the temperature rise increases approximately in 
proportion to the losses. The copper losses increase approxi- 
mately as the square of the current and the iron losses as the 
square of the voltage. The B.S.I. Rules for Electrical Machines, 
Nos. 168 and 169, specify that machines for continuous opera- 
tion must be capable of — 

(I) 50 per cent overload in torque for 1 min., 

(II) 100 per cent overload in torque for 15 sec., 

without injury, after attaining the temperature rise corre* 
spending to rated load. ^ 

The temperature rise conditions obtaining in the case of 
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motors for intermittent operation, e.g. crane drives, etc., are 
quite special. 

In this case the temperature rise is very dependent upon the 
relative period of connection, i.e. the ratio of the period of 
connection or load, to the duration of the e\ ‘jle of operation. 


Fig. 3 shows, by way of examf 
a given permissible temperature 
operation and with the relative 
period of connection. 

(c) Insufficient Quantity 
OK ('ooiJNG Air. Other causes 
of excessive temperature rise are 
insufficient quantity of cooling 
air due to the narrowing and 
stopping up of the cooling air 
ducts in the machine, restriction 
of the air flow by improperly 
built air ducts, or foreign bodies 
in them, or the accumulation 
of dust in air filters. In the case 
of machines with separately 
driven fans the quantity of 
cooling air is naturally affected 
by disturbances to tlic drives. 
Fans with curved blades give 
too little air when the blades 
rotate in the wrong direction. 

Tlie gradual stopping-up of 
the cooling air ducts of a 


le, how the power varies with 
rise in the case of intermittent 



0 70 ^0 30 UO 50 60 

Per cent Relative Period of Connection 


Ft(;. 3. Variation of the Per- 
missible Load for Different 
Relative Periods of Conne(’- 
TioN WHILE Maintaining the 
Tempeiivtcbe Rise Limits given 
IN THE Verb AND Dedtscher 
Klektrote(’Hniker Rules for 
Electrical Machines. 200 k\V., 
500 V.. 730 R.p.M. Three-phase 
(Tiane Motor 

(1) S< *1111-011 closed design. 

(2) Totally-enclosed design. 


machine and the covering-over 

of windings and iron with a heat insulating layer are to be 
expected, ])articularly in the case of motors used in the textile, 
paper, wood, and cement industries. The fine fibres which the 
air contains everywhere in spinning mills are readily deposited 
in machines and form coatings of fluff* over the ends of the 
windings, and on the iron, which reduce the air flow and render 
dissipation of the heat difficult. This fluff will be found to 
adhere even to very smooth, varnished parts of machines. 

Fig. 4 shows the stator of a motor taken from a spinning 
mill, which, not being equipped with modern machinery, had a 
tendency to be dusty. This motor was not provided with the 
protective filters usual in spinning mills, and it was found by 
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us. 4. Condition of tiio Stator of a T]iRi,i:-iMT\sn Opkn 
'r\ PK Motor aftkr Cmk in a Cotton Spinntnc, Mill 



. o. Rotor Stopped Up with Deposits of Fluff after 
Use in a Cotton M'eavino Shed 
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tests that this (iepositioii of fluff in the o])en type motor could 
be reduced to a negligible amount b\ fitting filters to it. The 
filters can be cleaned easily when necessary. 

Comparative load tests on a sjiinning motor of this kind in 
the cleaned and dirty state showed that the tiunperature rise 
was with the same load 45 to 95 ])er (*ent higiier wheiv dirty. 
The difference was greatest in the temperature rise of the iron 
and coil ends. The quantity of air passing through the dirty 
motor was about bO per cent of that for the clean motor. 



Fk, 6 Huavtia CriOf3«Ei)-i p Motor from a (^emp.nt Works 


Accumulation of size dust in motors working in textile 
weaving sheds has a vei'y harmful effect. When deposited in 
the motor, this usually becomes stuck together in lumps. 
Fig. 5 shows the rotor of a motor of this kind, which was very 
badly designed in regard to dust accumulation, lire solder* on 
tlie rotor joints had melted out owing to the complete stojiping- 
up of the rotor. 

Fig. (5 indicates the severe demands made on motors in 
cement w^orks. A motor is show'ii in Fig. 7 which had been in 
operation for a considerable time in a furniture factory without 
any attention. The reason for the overheating of these motors 
is self evident. 
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Many varied designs have been developed and placed on 
the market for avoiding the accumulation of dust inside 
motors. In addition to the totally enclosed motor, whose 
power in the case of small and medium sizes is between 20 
and 45 per cent of that of the same size open type motor, 
there exist various totally-enclosed fan-cooled designs. In this 
type of motor the power is also still considerably reduced as 
compared with Ihe open type and would amount, according 






Fkj. 7. Motor kvtirely CjiOo«En-TTp with Sawdost after 
Use in a Furniture Factory 


to the size of the motor, to about 60 or 70 per cent of that of 
a corresponding open type motor. In addition, it should be 
noted that the air ducts of totally-enclosed fan-cooled motors — 
where the external cooling jacket has either cooling tubes or 
cast cooling ducts— are naturally liable to be stopped up, and 
the ventilation reduced. Careful maintenance is essential in 
these cases and the installation of the motors in separate 
rooms is always advantageous. If this is not possible, open 
type motors capable of being easily cleaned have much to 
recommend them. 

Where motors are installed in special machine rooms the 
accumulation of dust is not serious and in these cases six months 
to a year may elapse between inspections. When installed in 
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less satisfactory circumstances, cleaning must be carried out 
without fail at shorter intervals of time. 

Choking of the fresh air supply may occur as a result of 
incorrect lay-out of the foundations in the case of machines 
with inlets located on the lower side of the casings. In addition, 
the bad design of air supply ducts, with an excessive number of 
sharp bends or of excessively narrow' cross-section, results in 
choking of the air. If the points at w hich air is draw n in from 
outside are unsuitably located, "•hoking may also occur as the 
result of the accumulation of leaves and straw', as well as 


owing to the inadvertent 
closing of the inlets with 
boards. 

The pressure -volume curve 
of air flow through a 5 000 
kVA. generator is shown in 
Fig. 8. In obtaining this 
curve, the cross section of 
the cooling air outlet was 
gradually closed. The 
manner in which the 
quantity of air drawn by the 
fans drops continuously as 
the choking increases and the 
consequent pressure rise is 
evident. 

It was found that tlie staff 


mm 



Am Quanhfj 


Fl«. 8. pRKSSl RK-VOIAMK Cl HVK FOR 

THE Ventilation ot a T) 000 kVA., 
7r)0 R p M. Three-phase (Jenerator 


intentionally reduced the air 

quantity by partially closing the dampers in order to improve 
the heating of the machine room by the hot waste air. Dampers 
should not be closed arbitrarily in normal operation but should 
only be closed when the generator is stationary for an excep- 
tionally long period or in the event of fire. If the machine 
space is too small, e.g. when machines are installed in narrow 
passages, excessive temperature rises can likewise occur owing 
to insufficient supply of cooling air. 

Cloth filters were formerly employed for filtering the cooling 
air, particularly for turbo units. Cotton similar to that used 
in electric vacuum cleaners was employed as a cloth filter, but 
the pressure drop in the filters increased rapidly due to stop- 
ping-up. In the clean state it should not exceed 0*08 in. water 
gauge ; in the case of a pressure drop of 0-4 in. water gauge, the 
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filters vsliould be cleaned. Owing to the risk of fire with cloth 
filters (several cases of fire are known in whic^h the windings of 
the machines were damaged) incr<»>asing use has been made of 
viscous filters which contain only metal parts and oil of high 
flash point. Tn the main, this development made rapid progress 
during the war when there was a lack of cotton fabric for filters. 

The following rules should be noted in the case of air Altering 
appliances. Jn any type of plant it should not be ])ossible for 
any unfiltered air to be drawn in through hidden openings 
such as cable or other ducts, })oints of leakage, etc. The 
pressure drop in (;loth Alters should be (jhecked at intervals 
with a water gauge : it should not appreciably exceed 0-4 in. 
Torn filters should be immediately replaced or repaired. Rooms 
in which cloth Alters are installed should not be entered with a 
naked light and smoking should be strictly forbidden. 

In the (^ase of viscous filters. ca?*e should be taken that the 
cells after immersion in the vis(‘ous oil are first j)roperly drained 
and only reinserted after this, so that no oil is carried into the 
machine. The velocity of the air through the filter should not 
exceed 200 ft. per min. The pressure drop should be, if the 
filters are correctly dimensioned, about 0-4 in. water gauge. • 

In the case of troubles with cooling systems, if the ven- 
tilating air is ynovided by separately mounted fans, disturbances 
may arise in the cooling of the main set, unless the drive of 
these auxiliary fans functions correctly. The normal speed and 
correct rotation of the driving motor must be checked and the 
air inlet to the fan examined for possible causes of trouble. In 
addition, the alarm devices forindicating failure of the coolingair 
should be checked at intervals to see that they fun(*tion jiroperly . 

( d ) Ambient Am Temperature is Too High or Air is 
Insufficiently Recooled. Whenever possible, care should 
be taken that cooling air is not taken from the same side of 
the building as is used for exhausting the hot air. Otherwise 
the danger arises that if the openings are near one another, 
some of the hot air may be drawn in again. A trial measure- 
ment of the cooling air temperature taken directly at the 
inlet into the machine, and at a greater distance, will quickly 
give a clue as to whether there is trouble of this kind. 

With leaky or partially defective shields between the fresh 
air and the exhaust air of closed air circuit installations, the 
fresh air may likewise be preheated and the cooling air only 
partially circulated. 
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It may also ha})peii that hot air is sucked through cable 
ducts, into the low pressure ])()ints of a machine, so that the 
cooling air is again preheated. 

If fresh air inlets are located unsuitably relative to the 
rays of the sun, an excessive temperature rise of the cooling 
air may likewise occur. 

Closed air circuit cooling is usually employed nowadays 
in order to keep clean the interior of large turl)o inar hines, and 
also occasionally for low^ s]>eed generators. In the case of 
coolers, even when correctly designed, with an insufficient 
quantity of water the cooling tubes are no longer entirely 
filled and the cooling becomes partially ineffective, as explained 
in (Chapter XXVIII, para. 3. In addition, calcination and the 
formation of sludge in cooling tubes will impair tlie cooling. 
This pro(‘ess is des(*ribed in greater detail in Chajiter XXXVII, 
para. b. 

The (juantity of cooling water for coolers of this tyju^ should 
be about 3*0-4’() gal. ])cr min. per kVV. loss per I ’ C. of tem- 
pej-ature rise of the water; with 15" temperature rise, this 
gives about 0-2-()»27 gal. per min. per kW. If the (‘oolers are 
liberally dimensioned (;are must be taken that the elements 
of the cooler are properly filled and t hat more water is allowed 
to flow through if necessary. 

With closed air circuit cooling the signalling devices, such 
as tcniperatuix^ alarms, flow indicators, etc., should liave fre- 
quent che(;king. Further, any dampers present for letting in 
(iooling air in the case of a breakdown of the water cooling 
must be tested for ease of operation. In plants of this kind, 
arrangements should be made for indi(‘ating immediately any 
pipe fractures occnirring in tlie (iooler. In the closed air circuit 
cooling of very large machines with a separately driven fan it 
is of the greatest importaiuie that this drive should be 
absolutely reliable. 

(c) Incorrect (k)NNE(moNs or Broken Leads. In the 
case of asynchronous motors faulty connection of the stator 
winding may quite often be the cause of an excess tempera- 
ture rise in the stator and rotor. In addition, the breaking of 
a lead to the stator during operation may likewise lead to an 
excessive temperature rise if the setting of the overload relay 
is incorrect. Further details regarding this are given in Chapter 
XII, para. 3. 

(/) Defective Winding. A high temperature rise may occur 
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in main pole and inter-pole coils, which are wrapped and 
impregnated in compound, or varnished, when the filling of the 
hollow spaces between the conductors is poor. These coils are 
particularly liable to be damaged if the wrapping gradually 
becomes loose and air pockets form between the wrapping and 
the winding, since the intermediate layer of air is a heat 
insulator. Troubles of this kind are possible with badly wrapped 
coil ends of stator windings. 

A further reason for excessive temperature rise in the coil 
ends of stator windings, even when the quantity of cooling air 
is sufficient, is that long coil ends are sometimes insufficiently 
supported and after a (‘onsiderable period of service may 
lie practically on top of one another. As a result the cooling 
between the winding ends is impaired. In addition, the 
swelling of the insulation mentioned above in connection with 
the formation of heat insulating air pockets still further 
reduces the distance between the coil ends, and the cooling 
deteriorates even more. 

Terminal or distance pieces of insulating material arranged 
for holding up the winding parts may cause local overheating, 
if they overlap ap])reciably the cooling surfaces and so render 
them ineffective. 

If in synchronous or d.c. machines a portion of the field 
winding becomes ineffective due to a short circuit in the turns 
or layers, the exciting current must be increased in order to 
maintain the correct voltage. As a result there arises the risk 
of overheating in the portion of the field winding which still 
remains effective. 

(g) Other Causes of Excess Temperature Rise. There 
are, of course, other troubles in windings and core which can 
cause overheating. The trouble in such cases, however, always 
makes itself felt at defective points and in their immediate 
vicinity. This question is dealt with in greater detail in Chanter 
II. 

Slip-rings and commutators become too hot if the cooling 
is inadequate as well as when a wrong type of brush is used. 
Further details will be given of these troubles and of their 
elimination in Chapters IV and V. Excessive temperature rise 
in the bearings may be due to various causes ; these are 
specially dealt with in Chapter VII. 

Errors in design may, of course, also be responsible for 
excessive temperature rises in the individual parts of machines. 
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This matter will not be dealt with further here, since the leading 
electrical manufacturing firms nowadays liave sufficient experi- 
ence and testing facilities so that such defects cannot fail to 
be observed at the works. 


3~(T.23) 



CHAPTER II 

TROUBLES IN WINDINGS 


1. Damp Windings. («) Causes of Penetration of Mois- 
ture. When machines are stored for lengthy periods in damp, 
poorly ventilated rooms, or are shut down for a considerable 
time, particularly during the damp seasons of the year, or 
become wet during transport, or are exposed to steam, the 
insulation is capable of absorbing so much moisture that 
starting up without drying out may involve damage to the 
windings. Store-rooms for completed machines should there- 
fore always be well ventilated and, if ])ossible, moderately 
heated during dam}) spells. In addition, s}>are windings should 
for the same reason be stored in dry and well ventilated rooms 
and not be left in the })acking case. The windings of machines 
whose cooling air is taken from the open and which are shut 
down for lengthy fieriods, fre(|uently for weeks and months, 
can become very damp during humid foggy weather by the 
penetration of air. It is usually possible to close the inlet and 
outlet ducts of such machines and this measure is always to 
be recommended during long periods of shut-down and in 
damp weather. When the air is dry and the weather warm, 
the cooling air ducts should, on the other hand, be opened. 
Machines installed out of doors are also likely to have conden- 
sation water inside them as the result of considerable varia- 
tions in the temperature. The same danger also exists after 
the transport of machines when they are suddenly brought 
into rooms with a warm, moist atmosphere after having been 
for some time in cold air. 

(b) Measurement of the Insulation Resistance. In 
order to obtain an idea of the state of dryness of a winding 
the insulation resistance to earth should be measured. In the 
case of multiphase windings, the insulation resistance between 
the individual phases, provided the latter can be separated 
electrically, should also be measured. 

The insulation resistance can only be correctly measured 
with direct current, since if alternating current is employed the 
charging currents occurring affect the measurement, because 
the winding and frame separated by the insulation as a 
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dielectric, form a condenser. It is advisable to use one of the 
well-known insulation testers, in which tlie test voltage, which 
should be as constant as possible a d.i*. voltage, is produced 
in a small, hand-operated, built-in generator. 

In the case of inefficient apparatus jirodu* ing only a very 
irregular d.c. voltage the peak voltage may, according to 
Keinath, be four times as liigh as the average d.c. voltage.* 
As a result, measurements are inaccurate and the insula- 
tion is stressed to an unnecessary degree, particularly in low- 
tension machines. The magnitude of the test voltage depends 
on the instrument ; insulation testers are built for voltages of 
250 to 1 000 volts and ovei As a ruh*, an apparatus with a 
test voltage of 250 to 500 volts is adequate, ]iarticularly where 
it is also to be used for testing low-tension machines. 

In measuring the insulation resistance, the machine must be 
isolated from other parts of the plant and the reading should 
only be taken when the deflection of the instrument has 
become constant. The windings of large machines possess a 
considerable capacitance; a certain time, Iherefore, elapses 
before the deflections reach their final value. The resistance 
measured may vary according to the value of the test voltage; 
the same test voltage must therefore always be employed in 
order to obtain (‘omjiarative values. 

In the case of machines wdiose windings possess a large 
capacitance, the hand-oj>erated testei* is no longer suitable for 
insulation measurement and one of the standard resistance 
methods of measurement must be employed. These require a 
d.c. supply source with as constant a voltage as possible. The 
necessary instruments for these measurements are usually 
not available in the average maintenance department. 

(c) Minimum Allow^ablk Insulation Resistance. The 
value of the insulation resistance depends upon the dryness, 
the temperature, the insulating material employed, and its 
thickness, as well as on the area covered by the insulation. The 
material and its thickness arc governed by the w orking voltage , 
the area covered with the insulation depends upon the rating 
of the machine and the number of poles. 

No general rule can be given for the minimum insulation 
resistance permissible for a winding. An attempt will, how- 
ever, be made to give an idea of the order of magnitude by 
taking a few practical values. 

* Keinath Dte Technik eleltrischer Mef^sgeraie, Vol. 2, p. 233. 
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For a.c. generators with rated voltages of 3 000 volts and 
over, between 2 and 20 poles and outputs of 30 000 kVA. the 
insulation resistance of the stator winding in a properly dry 
condition should attain in service a value of approximately 
1 MQ. per 1 000 volts working voltage. With a larger number 
of poles such values would only be attained after a lengthy 
period of continuous operation, i.e. witli the winding in an 
absolutely dry state. Insulation resistances of 0*2 to 0*5 MQ. 
per 1 000 volts are, however, sufficient, and do not endanger 
the operation of the machine. In the case of low-tension 
machines values of 1 to 2 M12. are satisfactory. 

As a rule insulation resistance values of at least 0*1 to 0*5 
Mfli. are adequate for the rotating field windings of low speed 
a.c. generators : insulation resistances of 1 Mil. and consider- 
ably over are frequently measured oti turbo rotors. 

The stator windings of asynchronous motors attain the same 
insulation resistance values as those of synchronous generators. 
Insulation resistances of 0*5 to 3 Mil. and upwards are possible 
in the rotor windings of asynchronous motors according to 
the rated output and the rotor voltage. 

D.c. machines of high outputs and voltages up to 1 000 volts 
may have armature windings with insulation values of 2 to 10 
Mil. and over ; the insulation resistan(*e of the field windings 
lies within approximately the same limits. 

It may once more be emphasized that the measured insu- 
lation resistance depends very largely on the tem]:)erature and 
voltage and on the ty])c of instrument employed. In addition, 
it must be remembered, in analysing the test results, that the 
insulation resistance may be, reduced on a dirty winding, for 
example, by carbon dust in the case of d.c. machines. 

The following formula for the stators of synchronous 
machines taken from the A.LE.E, Stamlards* also gives 
some idea of the magnitude of the insulation resistance at a 
temperature of about 75° C. 

Insulation resistance = ¥/( AT -f 1 000) Mil. 

in which V denotes the rated voltage and N the rated apparent 
output in kVA. It is required in these standards that the 
rotor winding of turbo generators of 500 to 25 000 kVA. should 
possess an insulation resistance not less than 1 Mil. at 75° C. 

The formula given does not take sufficiently into account 

* A.l.E.E, Statidarde No. 7, December, 1927. 
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the dimensions, of the machine, which govern the insulated 
area and in consequence the insulation resistance. It should 
also be observed that the insulation resistance to earth calcu- 
lated from this formula holds good for the entire windings; 
all three phases of three-phase windings should accordingly 
be joined together for testing. 

The insulation resistance of a winding is considerably 
greater when cold than in the warm state ; it is therefore 
advisable to determine the resistance as far as possible in the 
warm condition. If the insulation resistance of the machine 
when cold only attains the minimum value given by the above 
formula, the machine should be dried out or it should have a 
reduced voltage applied for some hours before applying the 
rated voltage. 

2. Diying-out of Damp Windings. As a rule small low-tension 
generators and motors can be placed in commission without 
previously drying, an exception being made for machines 
which have become wet during transport or storage. If it is 
found in measuring the insulation resistance that the insulation 
of the windings is damp, careful drying should be carried out 
by heating. 

In the case of large liigh-tcnsion units, on the other hand, 
a short period of drying should always be carried out before 
the machine is put into service. For this purpose, generators 
can be run for 1 2 to 24 hours without voltage in order to dry 
them out by the action of ventilation; motors should if 
})ossible, be put into service at reduced voltage. The drying 
method to be employed for damp windings depends on the 
type of machine and the expedients available on site. The 
chief thing in drying is in all cases to f)ass plenty of air 
through every part of the windings. 

A.c. generators which can be brought up to speed by their 
driving machines obtain sufficient ventilation through their 
own fans. The generator can be warmed either externally by 
artificially heated air, or internally by the heat due to losses in 
the iron or copper. 

The introduction of dry and clean heated air is of special 
importance in thoroughly saturated machines. It is not advis- 
able to bring them up to voltage, however small, or to run them 
short-circuited. Heating resistances can be built into the air 
supply duct for heating the drying air and supplied by an 
auxiliary source of current, e.g. the actual exciter. The drying 
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air should have a temperature of 50 to 70° C. and it is advisable 
to heat up to this temperature slowly over a period of 2 to 5 
hours. With normal speed the quantity of air conveyed is so 
great that quite considerable heating capacities would be 
necessary for the purpose. The speed of the generator should 
accordingly be reduced as much as possible and the supply of 
fresh air throttled down so that it moves at a reasonable speed. 
If it is possible by closing the air dampers to reverse the 
ventilation so that the air expelled is again drawn in, and the 
cooling air can therefore flow in a cycle, a still smaller heating 
capacity is sufficient for warming the air. It is, however, 
essential to supply a quantity of dry, fresh air and to exhaust 
part of the warm, moist air, or completely renew the entire 
quantity of air from time to time. 

The hot exhaust air of adjacent machines may also be 
passed through the damp machine for drying it. 

If the windings have only become damp due to storage, or 
if it is a question of a generator being put into service for 
the first time, the following procedure may be adopted in 
drying out. The machine is brought up to full speed and first 
run without voltage with the full supply of fresh air. In foggy 
or rainy weather the fresh air should be taken from the machine 
house, or better still, the warm air of other machines should be 
used. Running in the unexcited state can be carried out for 
2~10 hr. according to the rated voltage and the state of dry- 
ness of the winding. After this, the machine is slowly excited 
without any load. If the star point connection is accessible, it 
should be isolated ; any earth connection of the star point 
should likewise be removed. The time in which the rated 
voltage may be reached is governed by the working voltage of 
the machine. If the windings are not very damp, i.e. the 
insulation resistance is higher than that given in the formula 
in Chapter II, para. 1 (c), the voltage should be slowly and con- 
tinuously raised to the rated value within the following times — 


liated voltage of 
the machine 

(V.) 

Time 

(hr.) 

r>oo 

2 

2 000 

3 

5 000 

4 

10 000 

5 

Over 10 000 

6 
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In the case of low insulation resistance values, the generator 
should be run for some time at 30 to 60 per cent of the rated 
voltage, at reduced speed and with the air supply throttled for 
the purpose of warming it up gradually. The speed should only 
be reduced to such an extent that the rotating held current is 
at hrst not higher than one-third to one-half of the rated value. 
The heating of the rotating field winding should be observed 
by noting the increavse in the resistance. An appreciable rise 
in temperature is possible in 3 to 6 hours by throttling down 
the fresh air, or by circailating the cooling air. The temperature 
in the stator should be checked by tliermometers placed on 
the core. This temperature should not exceed 50 to 60'' C. 
and once it is reached the supply of fresh air should be regu- 
lated to keep it approximately constant. Drying of the genera- 
tor is then continued until a sufficient improvement in the 
insulation resistance is reached. For purposes of measurement 
the machine should be shut down at intervals of 2 to 5 hours. 
As tlie dryness and insulation resistance increase the voltage 
and speed of the machine should be raised, the supply of fresh 
air being simultaneously incireased, but no appre(*iable cooling 
must take place. On completion of drying, the generator is 
then cooled down for 2 to 5 hours by giving the full supply 
of air, the voltage increased some 10 to 20 per cent above the 
rated voltage for about half an hour, and finally the machine 
put into service. In normal operation a further gradual 
increase in the insulation resistance will take place. 

The copper losses are often used for heating the machine 
instead of the iron losses as described above. For this purpose 
the macliine is short-circuited by connecting the leads together 
through a current transformer for measuring the stator current. 
The machine is then brought up to the rated speed and at first 
only excited to such a degree that about 40 to 50 per cent of the 
rated current flows in the stator winding, ft is not advisable 
in this case to throttle the fresh air supply. Regular measure- 
ment of the temperature in the winding during drying is 
important, since an excessive temperature may damage the 
insulation. The stator current is raised in the course of several 
hours as the dryness increases, until sufficient insulation resist- 
ance is obtained. This process can, however, lead to damage 
to the windings, particularly in the case of machines of very 
great core length, owing to the uneven temperature rise in 
winding and core. Moreover, in very damp windings which 



22 


FAULTS AND FAILURES IN ELECTRICAL PLANT 


are not dried carefully, bubbles may form in the insulation, 
particularly if the current is raised too quickly. 

The insulation resistance at first drops continuously during 
drying and reaches a minimum value, again increasing as 
drying is continued. The variation in resistance during drying 
observed when placing a large three-phase generator in com- 
mission is shown in Fig. 9. 

D.c. generators can be dried on short circuit provided their 



Fio. 9. Variation of the Insulation Resistance di ring 
DuYINO of a THREE-rHASE GENERATOR 

( 1 ) InsHlat ion rt‘«iistan( o 

(2) Tpiiippuituit* of winding meaMiiPd with ipsistaiup pleinent 

(3) Tpiniipraturo of pore inpasured with thennometer 

(4) Temppiatiiit oi drviug dir 

windings are not very damp. For this purpose the machine 
must be separately excited with quite a small field current ; 
the brushes in this case must be shifted about one segment in 
order to avoid self-excitation. As a rule, however, running on 
no load for several hours without excitation is quite sufficient 
to give adequate insulation resistance. If the windings are 
very damp, complete drying-out on short circuit is not to be 
recommended owing to electrolytic action, and it is then 
necessary to dry with warm air as described above. 

Motors are dried either by means of an external drive ajad 
ventilation for a sufficient length of time, or by passing warm 
air into them. If this is not feasible, they can at first be run 
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on no load at reduced voltage, e.g. in the case of asynchronous 
motors at one-fourth to one-fifth the rated voltage. Large d.c. 
motors for winding plant, rolling mills, etc., can be dried 
at standstill by supplying the non-exeited motor from the 
Ward-Leonard generator with cuiTent of 40 to oo per cent of 
the rated value. The temperature rise in the windings in this 
instance should be checked by tiierrnometer. It should also 
be noted that an unloaded motor of thivS kind witli a small 
brush displacement from the nmitral zeme may start up and 
run away. 

The stator and rotor windings of synchronous and asyn 
chronous machines can also be heated and dried by supplying 
tliem with direct (*urrent, provided the machines are dis- 
mantled. In view of the electrolytic action, this method 
should, however, only be employed if the windings are not very 
damp, as already mentionecl In order to attain a sufficiently 
high tem])erature, the parts of the machine to be di’ied should 
be covered with fabric or boards and openings for the passage 
of w arm air should be left in these coverings. Preheated air can 
at the same time be blown in so as to increase the effect. It is 
best to carry out drying with warm air if the necessary equip- 
ment is available. In drying multij)hase windings with direct 
current, the connections of the direct current leads must be 
interchanged from time to time so that all ])hases of the winding 
are dried as uniformly as possible. In employing direct (‘urrent 
the temperature rise in the winding can also be ascertained 
very simply from the increase in the resistance as described in 
Chapter I, para. 5 (/j). 

The drying of tlie rotor of a 2 2(M) kW. three-phase motor by 
supplying it with direct cnirrent can be taken as an example. 
The connections were changed in each case after 1 to 2 hours. 
To enable a temperature of about ()()° tJ. to be reached, the 
winding of the rotor was totally enclosed with boards, the 
necessary heating capacity amounting to 8-10 kW. or about 
0*3 to 0-5 per cent of the motor’s rating. The steady tempera- 
ture w'as reached after about 6 hours. Continuous measure- 
ment of the insulation resistance yielded the values given in the 
table on p. 24. 

If windings have been exposed to the effect of sea water, they 
must be thoroughly rinsed with fresh water before drying, in 
order to remove any salt. 

In drying machines it is a mistake to imagine that there is 
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any inherent value in mere quantity either of heat or air, and 
to employ a high temperature with the erroneous idea of drying 
as forcibly and speedily as ])ossible. It is of much greater 
importance for the reliability of a machine to dry it slowly 
and carefully while taking note of all the phenomena which 
occur. Undue haste to save a feu hours \n tlie drying time may 
lead to considerable damage to the insulation for which the gain 
in time does not compensate. Even a machine which has been 
thoroughly saturated by the direct action of water can be put 
into proper working order by correct drying. 

Machine manufacturers are always prepared to give advice 
on methods of drying. 

The active iron may, of (*ourse, also be affected by rust 
forming under the action of moisture. If ac(»essible, the 
stampings should be carefully cleaned by scraping off the rust, 
and coated afterwards with a good insulating varnish, prefer- 
ably with the iron in the warm state. It is possible to prevent 
further rusting between the teeth by properly drying the 
heated stampings and treating them with varnish, even when 
the rust has penetrated, provided the machine remains con- 
tinuously in service and does not become damp again. 

The insulation qualities of an old machine are frequently 
checked by means of a high voltage test after reconditioning 
by drying. It should, how^ever, be noted that every high 
voltage test is a severe strain on the insulation which is unneces- 
sarily weakened by frequent repetition of the test. The appro- 
priate specifications of the various countries give instructions 
in regard to the performance of such tests* and to describe 
them would be beyond the scope of this book. 

It is advisable to test old machines with lower voltages than 
those employed for new niachines, say two-thirds to three- 
quarters or so of the test voltage for new equipment. 

* Cf. forexamplo, Verband Deutscher Elektrotechniker Hulea fur the Rating 
and Testing of Klectncal Machines, 1930. 



TKOtTBLES IK WIM)1NUS 


25 

3. Breakdowns to the Iron, (a) (^ausks ok Breakdowns. 
A variety of insulation troubles may lead to breakdowns 
betw^een winding and core. Excess voltage in the lines to which 
the machines are connected, as w'cll as excess voltages in the 
field windings due to disconnection, may brinv about punctur- 
ing of the insulation or flash -overs along the surface of portions 
of the insulation, and in consecpieuce breakdowns to the core. 
In addition, earths may occur at normal voltages if leakage 
paths are formed over the insulation due to dust or flash overs, 
and puncturing is assisted by moisture. Bridges formed by 
dust frequently produce earths in the armature windings and 
commutators of commutator machines, as well as in the rotor 
slip-rings of synchronous and asynchronous machines. These 
disturbances are usually connected with pronounced brush 
wear when an unsuitable choice of brush has been made, or with 
electrical or mechanical defects in the brush-gear. In addition, 
considerable dust may accumulate when the current collecting 
parts are not inaintained in good condition. Drives in the iron 
and coal industries, rolling mills, winding jilant, coking plants, 
etc., are particularly liable to this. When the cooling air is taken 
from the sho])s, dust penetrates the rotor windings, commu- 
tators, and slip-rings and forms conducting bridges which may 
gradually lead to earths. The dust contained in the air is 
light, and so finely divstributed that it is carried by the cooling 
air far into the interior of the machines. 

The commutator necks should be carefully covered with paper 
or cloth when turning or polishing commutators. Powdered 
copper or filings may ])roduce earths in addition to short circuits 
between turns. Air may contain, in chemical works for ex- 
ample, gases and vapours as well as dust, whose condensation 
on the insulation may lead to flash-overs and also earths. 
Machines which have stood for lengthy periods in such sur- 
roundings are particularly affected in this way. 

Defects in the insulation have also been observed after 
careless use of soldering flux in repairing coils. If the soldered 
joints are not made carefully, the adjacent insulation may be 
burnt so that earths are possible, and burnt insulation should 
always be replaced. If bakclite insulations are superficially 
charred, the damaged places must be very carefully cleaned by 
scraping and revarnishing. 

In addition, mention must be made of mechanical causes of 
breakdowns to earth. Extraneous matter mav enter machines 
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with tlie cooling air due to the inattention of the stair, or to an 
insufficiently protec'ted air inlet. This affects the insulation 
mechanically and produces conducting bridges between live 






parts and earth. 

Parts which have become 
loose due to the gradual 
weakening of riveted or 
welded joints on distan(*e 
pieces in the cooling vents, 
or on the j)rcssure fingers of 
end plates, suffer from con- 
tinuous vibration and may 
damage the adjacent coil insu- 
lation. If individual points in 
the laminations are not under 
sufficient pressure, the teeth 
may begin to vibrate and the 
insulation of the embedded 





Fi(i. 10. Damaok to thk Coil Insc- 
LATION OF A 3 500 kVA. SlNOLK- 
PHASE Geneuator Causeo bv Loose 
End Plates and Loose Prkssore 


windings may be gradually 
worn througli by friction. 
Fig. 10 shows the effect of 
loose end plates and loose 
pressure fingers on the 
adjacent coil insulation in an 
old 3r)0()kVA. single-phase 
generator. Fig. 11 shows a 
breakdown to earth in the 
stator of a single-phase turbo- 
generator of 1912 design ; this 
was due to insufficient pres- 
sure on the laminations, so 
that vibration occurred in the 
teeth. With the methods 


Ftn(;ehs applied nowadays in assem- 

bling stampings and pressure 
fingers, and with the robust design of stampings, such defects 
are unlikely to occur on modern machines. 

Amongst the foreign bodies of many kinds found in machines 
are dust and sand of every description, cotton waste, tin-foil, 
pieces of wire, screws, tin, etc. Fig. 12 shows an interesting 
effect produced by extraneous matter. Small pieces of iron 
must have fallen in when inserting the slot wedge and become 
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wedged in between the bar insulation and tiie wooden wedge 
These small pieces of iron were continuously moved to and fro 
by magnetic forces, and in the course ofabout four years formed 
the notches in the coil insulation and wedge visible in the 
picture. Had not these jdaces been ac(*ident‘illy discovered 



Fig. 11 Breakdown to Earth di d to Loosl Laminations is the 
Stator of a 1912 Four- pole Single phase Turho (rEXERAroR 


during repair, both earths and short circuits between turns 
would have occurred with serious results. 

The insulation of windings may be appreciably modified 
by overheating due to overload or ageing following very 
lengthy periods of operation. If carbonization occurs, the 
insulation may puncture even during normal operation, or 
on the occurrence of small excess voltages. Puncturing may 
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occur under the influence of mechanical or electro-dynamic 
forces. In this connection, there is the rubbing through of the 
insulation supports of rotating field coils due to centrifugal 
forces, the shifting of field coils in the case of reversible drives 
(winding and rolling mill motors), and the loosening of portions 
of the stator or rotor windings by frequent current surges in 
the case of motors uhich are repeatedly started up. Short cir- 



Fi(i. 12. I)am4.(,k to rm Coil Insi laiion Slot Wfdlk in 
AN Ikon Ti KNiN(r 

(it) Ctul (/j) N\« llilO 


cuits between turns, which burn the insidation, may also cause 
breakdowns to earth. 

(b) CONSEQC’ENCES OF BREAKDOWNS TO TUK CoRE. Ill all 
machines with frames not insulated from earth, i.e. in practi- 
cally all cases, breakdowns to core also always mean a break- 
down to earth. If properly earthed the casing will, as a rule, 
not assume a dangerous voltage to earth. Contact with ma- 
chines having insulated mountings may, however, be risky it 
faults to the core occur. 

The earth may be either continuous or intermittent. In the 
case of a continuous earth the point affected is usually burnt 
through, as a steady arc* is formed. Lengthy duration of the 
arc from lack of suitable protective devices is particularly 
harmful. A short circuit between turns, and under certain 
circumstances a breakdow^n to the core at two places and 
consequently a short circuit in the winding, can easily arise 
from a simple fault to core. The core as well as the adjacent 
parts of the winding may suffer (‘onsiderably from the are. 
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Fio. Kl. Effkcts of Bkkakdovvn to Earth in tjii: S'J'atok of a 
4 oOO kVA. Altkknatok 



Fig. 13 shows an example of the effects of faults to the core and 
the resultant sliort circuit between turns on a 4 500 kVA. 
alteriiator. Tlie coi'e was scorclied over a large surface and it 
was necessary to insert 
new stampings in the 
machine. Fig. J4 shows 
cavities burned in 
the arm a t u r e of a 
900 kW. d.c. generator. 

The extension of the 
trouble to the adjacent 
slot was chiefly caused 
by the fact that the 
machine attendant, 
having disconnected the 
niachine on observing 
smoke during normal 
operation, connected it up later witliout further investigation. 
A short circuit between turns followed tlie fault to core. 

Fig. 15 shows the effects of a stroke of lightning in the coil 
of a 750 kVA. 10 kV. three-phase generator. 

4. Locating a Fault to Core. If the point at whicli the fault 
to the core has occurred is not burnt to such a degree that its 





Fk;. 14. BriiNiNH Di k to a Breakdown 
TO Earth in the Armattre of a 900 kW. 
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location is at once clear, it must be found by measurement 
and test. In the first place the group of windings affected 
is separated out by eliminating the sections of adjacent wind- 
ing. Various methods of investigation are employed for finding 
the exact position of the fault. We will only mention those 
which can be carried out with the test instruments usually 


I 



Fig 15 Coil oi' a 750 kVA 10 000 V THKhE-i’iiASE (^kistbratok 
Damaged Dl e to the EptECT of Lightnin(t on the Si pply 



available in works. Other apparatus for determining the point 
of defect are available in repair shops as, for example, bridges 
for resistance measurements, and listening devices with 
telephones. 

(а) Resistance Measurement Method. The winding is 
supplied with d.c. or a.c. from an auxiliary ungrounded source 

of suitable voltage as depicted in 
Fig. Ifi. Measurement with a.c. should 
only be carried out on rotating fields 
and stator windings with the rotor 
removed. Otherwise dangerous volt- 
ages may be induced under certain 
circumstances in the stator or rotor. 
The partial voltages and 
are measured with an applied supply 
voltage v^. If the resistance of the 
instrument is sufficiently high or the 
contact with the iron is direct, the 
contact resistance at the fault is 
negligible, so that Vi -|- V2 becomes equal to Conclusions can 
then be drawn as to the position of the fault from the ratio of 
the partial voltages. These measurements can also be carried 
out on rotating field windings with the machine running and 
the exciter used as a source of current. 

(б) Direction of Current Method. The above method 
is not suitable for the windings of machines of low voltage and 
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^ heavy current. The partial voltages are so small owing to the 
low resistance that they cannot be measured accurately with 
the instruments usually available. Nor can this method be 
employed for the armature windhurs of d.c. machines unless 
they are opened. 

In such cases the following metliod should be employed. 
The section of winding, c.g. of an a.c. stator as shown in 
Fig. 17, is supplied by connecting both ends of the winding 
to one pole of a d.c. source and the (*ore to the other pole. A 
distribution of the current then orcurs in the winding in the 
direction of the fault corresponding to the direction indicated 
by the arrow. If the current is 
large, the point at which tin* 
direction of the current changes 
(*an be found with a magnetic 
compass by moving it over the 
slot and conductor The direction 
of the current can also be found 
in a different way w ith a suffici- 
ently sensitive instrument (e.g. 
milli- voltmeter). The direction 
of the current can be clearly 
recognized by observing the 
voltages at the coil connections. This method of investiga- 
tion is, however, only applicable to windings in which the end 
connections are bare. Fig. IS shows diagrammatically the 
method of testing a section of a three-phase winding. If the 
voltages between n-rt, b-h and c-c are measured with the fault 
to core still existing, the voltmeter connections must be changed 
at c-c, in order to obtain a positive deflection. The direction 
of the current in this end connection is then opposite to that 
in the two other connections. 

In three-phase windings the phase in which the fault is 
present is frequently not known beforehand. It is advisable in 
such a case to connect the terminals together and with the 
star-point, if there is one, and to connect the supply, as indi- 
cated in Fig. 17, to the sections of winding so connected and 
to the core. The sound jihases now carry no current. If the 
compass is passed over the slots belonging to these phases, no 
deflection of the needle will be observed. 

A fault in the armature winding of a d.c. machine can be 
also detected with the compass in the following manner. If 

4 (T 23) 
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the supply is connected between the com mutator and the core 
and all the bars short-circuited by a bare metal strip or a 
sufficiently thick pie(*e of wire, a marked deflection of the 
compass needle will be observed at the points of breakdown. 

(c) Burn-out Method. If a direct breakdown to the core 
has been discovered by measurements with a megger or a 
test lamp, the position of the fault can be revealed by the 
burn-out method. For this purpose an external very low d.c. 



Fuj. 18. Detkiimination of tjie Ci rkent Distrihi tion 
BY Meahi kino the Voetaoe Dkoi* in the C\)tl Ends of 
A Stator Winding 

or a.c. voltage, often only of a few volts, is applied between 
the core and the winding. The current flowing through the 
fault heats the latter; smoke and not infrequently sparking 
may be observed at the fault. In order not to increase the 
damage due to scorching of the surrounding core, it is necessary 
that the applied voltage be small and that where possible an 
excessively high current is avoided by sufficiently large series 
resistances. 

(d) Repair of Breakdowns to the Core. The procedure 
to be adopted in eradicating the fault depends on the cause and 
the consequences. If dust bridges are the cause, the points of 
leakage should be carefully cleaned, burnt insulation being 
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scraped away and re-varnished. Kepctition of the trouble can 
be prevented by periodical cleaning of the affected parts. If 
considerable dust lias accumulated due to brush vear, more 
suitable types of brush should be ( hosen, and the commuta- 
tion or collection of current at the slip-rings iiM[)roved. Care- 
ful turning of the commutators or slip-rings alone is frequently 
sufficient. 

If portions of the winding have to be re-insulated, new coils 
should be ordered from the inanufacturers, particularly in the 
case of high-tension machines. 1 n\\ tension windings can often 
be reconditioned in the works lepair shops. The method of 
insulation of such windings should be as nearly as possible 
that employed by the manufacturer. 

Burnt cores (*an usually be restored by filing and chiselling 
the affected ])arts. The smooth runnimr of a machine will not, 
as a rule, be affected by such treatment even if rather large 
portions of a tooth have to be chiselled away. The only mat- 
ter oi‘ im])ortance is to see that the individual jnimdiings are 
carefully separated from one another and again insulated by 
inserting paper or pressboard, or by a coating of insulating 
varnish, so that fresh troubles in the core do not occur due to 
local overheating. If the core is badly damaged, the stampings 
should be removed and new stampings inserted. This should 
be done by the manufacturer of the machine. 

5. Short Circuits between Turns, ( a ) (^auses of Shokt 
(Circuits between Turns. Like faults to core, short circuits 
between turns and la>ers are traceable to various causes, 
such as excess voltages (>riginating in the other parts of the 
plant, weaknesses in the insulation of adjacent condiu^tors due 
to overheating, ageing, the accumulation of dust, and the 
effec'ts of meclianical or electro -magnetic forces. Solder which 
escapes from the soldered joints of coil ends during over- 
heating and penetrates between the condu(‘tors may also lead 
to short circuits between turns. Flash-overs between the coil 
ends of the rotors of asynchronous motors and commutator 
machines are possible when bridges of conducting metal dust 
and carbon dust form, although they may not always lead to 
continuous short circuits between turns. 

( b ) Consequences of Short Circuits between Turns. If 
one or more turns of a generator winding are short-circuited 
by a fault, a heavy current flows. This may quickly overheat 
the parts of the winding in question and smoke appears. If, 
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the trouble is not immediately attended to, other adjacent 
parts of the winding and the core may be alfected and the 
winding may even catch fire. Fig. 19 shows the effect of a 
short circuit betw€'.en turns of a stator coil of a 700 kW. three- 
phase motor. The coil insulation is entirely burnt, the adjacent 
coils being much charred and even the (*ore affected. 

Humming and vibration may be observed on the occurrence 
of short circuits between the stator turns of a.c. machines. 



Fic. 19. Short Circuit between Thens in the Stator or a 
7(M> kVV. Three-phase Motor 

A.c. motors affected with short circuits between turns of the 
stator usually fail to start up. When the switch is closed, it 
will frequently be tripped again by the overload protection. 
In the case of permanent short circuits betw^een the rotor turns 
of excited commutator machines, considerable sparking in 
addition to smoke is usually observed even on no-load, and 
the segments corresponding to the affected coil rapidly become 
blackened. If the armature winding is fitted with equalizing 
connectors, other segments twice the pole pitch distant will 
also be blackened. For example, three groups of segments 
displaced 120° with respect to one another have been observed 
to be burnt on the commutator of a 6-pole machine. A short 
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circuit between turns of the armature of a rotary converter 
burnt not only the bars belonging to the affected coil, but those 
of all the other coils connected directly to the same slip-ring. 
Occasionally the short circuit between turns is not initially a 
permanent one, but is produced by accumulation of dust on 
the coil ends or bars. The coil in question is not at once greatly 
overheated but there is intensified sparking, and burning of 
the bars. Only after a lengthy jicriod of operation can a more 



Fig. 20. Shokt Circi it between "Pirns Dte to the A corM elation 
oi Carbon Di st between the Coil Knu.s of a Armati re 


intense local temperature rise in the affected coil he observed 
by feeling the winding which finally overheats. Fig. 20 shows 
the effect of a sliort circuit betw^eeii turns caused by the 
accumulation of carbon dust in the armature of a d.c. machine. 
Dust bridges can be clearly seen between the conductors. 

In the case of held w indings a short circuit between turns 
rarely causes appreciable burning. Only traces of scorching are 
apparent at the point of contact. If only a few turns are 
bridged by the short cii'ciiit. the fault scarcely makes itself 
perceptible in the running of the machine. Only w hen a whole 
section of the winding of a pole coil has become ineffective 
due to the short circuit between the turns can an intensified 
sparking at the brushes occur as a result of the lack of magnetic 
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symmetry in d.o. machines with series-parallel and multiple 
circuit armatures. With synchronous generators and motors 
vibration occurs when the excitation is increased. In the case 
of asynchronously started synchronous motors, short circuits 
between turns of the rotor may impair starting, a greater tem- 
perature rise in the affected parts of a pole being perceptible. 

6. Locating Short Circuits between Turns. Some simple 
methods are given below for locating short circuits. Methods of 
investigation requiring special instruments only available, as 
a rule, in repair shops and factories are not included. This 
applies especially to the test magnet method employing a 
‘•sfcelephone receiver. 

\ (a) External Examination of the Winding. Unsound 
^oils in windings, if they have been intensely overheated, are, 
as a lule, quickly identified by the charred insulation on the 
(^il end or by the abnormal temperature rise. Frequently the 
damage is so extensive that it can be recognized at the first 
glance. If considerable burning has not o(*curred, due to 
the functioning of protective apparatus, or attention has been 
drawn to the danger by the smoke and the machine has been 
shut down, an unsound coil usually appears hotter than a 
sound one on feeling the winding. A keen sense of smell is 
also a help to the investigator in such cases. 

If the fault cannot be discovered, the machine should again 
be run very carefully for a short time ; generators in sucJi 
cases should be excited very gradually to a small voltage and 
observed for smoke or vibration. The winding should be 
repeatedly felt immediately after the machine has been quickly 
brought to a standstill. Motors should be connected for a short 
time to the supply, if possible with reduced voltage, and 
observed in the same way. The procedure is similar in the 
case of d.c. machines if a short circuit between armature turns 
is suspected. 

(6) Induction Method. This method may be employed to 
advantage with asynchronous machines. If the stator of an 
asynchronous motor is supplied with the rotor winding open, 
abnormal humming will usually occur particularly in the case 
of a short in the stator or rotor turns, while the currents in the 
three phases will also be unequal. If the short is in the rotor 
and the latter is turned, a marked fluctuation in the current 
strength can be detected on an ammeter connected to any of 
tlie stator leads as the short-circuited coil moves round. As 
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many variations occur per revolution of the rotor as there 
are poles in the motor. In addition, the movement of the rotor 
is jerky. If the short occurs in the stator turns, the same 
observation can be made for the rotor current if the rotor 
winding is supplied with a suitable voltage w]>en the stator 
winding is open and the rotor is turned. An abnormal tempera- 
ture rise in the affected coil can usually be observed. More- 
over, measurement of the three voltages at the rotor terminals 
shows considerable differences, < .g. vhen supplying the stator 
and with a short in the rotor. A snapply voltage, 50 70 per cent 
of tlie rated voltage, is usually ‘>uihcient to allow the fault to 
be re(*ognized. 

(c) lii.sisTANCE Meamjremi \t Method. If in the case of 
d.c. machines the position of tlie fault in tlie armature cannot 
be determined by the tempera- 
ture rise, e.g. if the motor no 
longer starts up, it may be 
found by resistance measure- 
ments, the procedure being as 
follous. Tlie ai niature winding 
is supplied with d.c. of 10 20 
per cent ol the rated cunent 
through two suitable leads 
mounted on two segments, one 
pole pitch apart. The current 
strength is maintained constant, 
and the voltage drops measured 
with a sensitive voltuicter 
between every two adjacent 
bars, e.g. 1-2, 2-3, 3-4, etc., as depicted in Fig. 21 for a 
4-pole winding. These voltages may be somewhat greater in 
the vicinity of the leads than at a certain distance on account 
of the current distribution. The differences are, how ever, small. 
In the case ot most bars the segment voltages are almost 
equal, provided there is no short in the turns between them, 
A short is recognizable from the fact that the voltage between 
two bars is considerably smaller, being frequently almost zero. 
If a short is not found in the first pole-pitch, measurement 
should be repeated across the next pole pitch, and so on. The 
above mentioned inequality iii the segment voltages is obviated 
by intermediate measurements, that is, by shifting the leads 
only half a pole pitch, e.g. from position A-A into position 
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B-B, If the number of bars cannot be exactly divided by the 
number of poles, connection should be made to the nearest bar. 
Measurement can also be carried out with a.c. instead of d.c. 

For finding witli speed and certainty shorts between turns 
of field windings, it is advisable to use a.c. instead of d.c. 

To indicate tlie vcjltage conditions 0-10 turns of a total 
number of 118 turns were short-circuited and the voltage 
drops of the individual poles measured on each pole coil of 
a 6-pole synchronous generator. The following table gives the 
results- - 


Total 

Volt- 

age 

(V.) 

Cur- 

r(3iit 

(A.) 



Voltage of hidi\i(lual Poles 

6 

No. of 
Short - 
ciniuitoii 
Tunis ill 
Polo 
No. 6 

.12 :. ! 

1 1 ! 

4 

5 1 

1 1 

72t) 

22»5 

12:1 

121 

121 

120 

121 

1 22 

0 

722 

2:i-65 

12;i 

127 

130 

127 

122 

99 

1 

725 

24-9 

125 

132 

134 

133 

125 

00 

3 

725 

25-9 

127-5 

141 

140 

140 

128-5 

51 

7 

725 

20-5 

130 

141 

140 

140 

128 

47 

10 


A short covering so small a number of turns might not be 
revealed with d.(;., whilst considerable difl’erences in voltage 
occur with a.c. 

Rotating field systems should be removed for measurements 
of this kind, since under certain circumstances dangerous 
voltages may be induced in the stator windings. 

Instead of supplying tlie dismantled rotating field system 
the stator winding can, in the case of a built-in rotating field, 
be connected for a short time to a suitable source of current 
at reduced voltage. Usually 15-25 per cent of the rated voltage 
is sufficient, giving a current approximately the same as the 
rated current. The rotor field coils liave e.m.f.’s induced 
in them by the stator field ; if there is a short-circuited turn in 
one of the pole coils, a considerable current will pass and heat 
it up appreciably. In addition, the voltages can be measured 
in the individual pole coils and the affected pole detected by 
its smaller voltage. With this test high voltages may occur in 
the rotating field winding, and contact with parts of the winding 
is therefore dangerous. 

The discovery of short circuits between turns which exist 
only while the machine is running, e.g. under the influence 
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of centrifugal force, as in the rotors of alternators, is more 
difficult. Unless whole coils are put out of action by the 
short circuit and can be recognized by the difference in tem- 
perature rise, results can only be obtained with d.c. during 
operation by extremely (*areful measurement of the resistance 
when sufficient turns are short-circuited for the lesistancc^ to 
drop by a small percentage. In testing, the rotor A^inding is 
supplied across the slip-rings A\ith as constant a d.c. voltage as 
possible. Starting from standstill, the resistance is continu- 
ously plotted from the (‘urrent and voltage at different speeds. 
The voltage is measured at the slip-rings by means of specially 
mounted auxiliary brushes made of co])])er gauze. (If the volt- 
meter were connected to the current- 
carrying brushes, the variable contact 
voltage would considerably affect the 
accuracy of measurement.) An alirupt 
change in the resistance will be detected 
as the speed increases. In addition, 
other resistance measurements are 
necessary during running, in which 
only individual groups of poles are 
measured. For this purpose either an 
auxiliary slip-ring must be employed, 
or the shaft and an auxiliary brush C 
used as indicated in Fig. 22. Measure- 
ment is first of all carried out between 
the slip-ring A and the auxiliary brush 
C\ for wliicli a (*onnection between the poles 1 and 2 and the 
shaft is arranged. This connection is then shifted to the poles 
3 and 4, and so on until the affected pole has been found from 
the abrupt change in tlie resistance of one group of poles which 
oc(*urs when the machine is run up to speed. If no change 
manifests itself when the connection 2-3 is made with the 
shaft, and an abrupt change in the resistance occurs with 
the 3-4 connection, the fault is in pole 3. 

(d) Repair of Short ("ircuits between Turns. The 
stator and rotor coils of a.c. machines, and the rotor coils of 
commutator machines, in which there is a short in the turns 
should always be replaced. The insulation of the windings is 
usually so damaged by overheating that the risk of further 
shorts exists even when it is •possible to find the points 
of contact and to insulate them. Field coils of thin wire, 
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provided the short has any disturbing effect at all, should be 
partially unwound and rewound. Bare copper field coils can 
be repaired fairly easily by re-insulating them. If the core has 
also suffered in the burning of the coils, any fused parts in it 
should be repaired. The reader is referred to Chapter III, 
para. 1 (6), on the investigation of unsound cores and their 
repair. 

7. Open-circuited Windings. («) Causes of Open Circuits. 
The chief (*auses of open-circuiting in windings and winding 
connections are mechanical, such as the fracturing of con- 
ductors due to fiitigue caused by vibration where they are 
insufficiently supported for example, fractures of commutator 
necks — damage to the conductors due to careless handling, 
or open-circuiting at contact points of comparatively high 
resistance due to the melting of the solder. This latter defect 
may occur in the coil ends of the rotor windings of d.c. and 
a.c. machines, as well as in a.c. statois when the wind- 
ing is overloaded. The risk is particularly great when the 
cross-section of the soldered joint is smaller than the conductor 
ctoss-section and when the overload is tem])orarilv very high. 

(6) Results of Open-circuitjno. The results of open 
circuits affecting the voltage production of generators or the 
starting up and running of motors are described in detail in 
the appropriate chapters. When there is open -circuiting in 
the armature winding of a commutator machine, e.g. where 
a soldered joint has melted, the commutator exhibits charac- 
teristic sparking, with a green appearance ow ing to the liuming 
of the copper. The segments adjacent to the open circuit are 
burnt at the edges, the groove between the segments being 
blackened with carbon to the base. 

8. Faulty Connection of Windings. Errors of this kind only 
occur when machines are not tested either at the manufac- 
turer’s works or after repair. The various possible wrong 
connections in the exciting and main circuits of generators 
and motors are mentioned in the appropriate sections. 

A.c. stator w indings having the connections of the individual 
coils of a phase reversed are a good example of this type of 
trouble. In series-connected windings the only symptom 
during no-load is the reduced voltage of the phase. A crossed 
connection can be easily detected by measuring the individual 
coil voltages and the whole phase voltage on no-load. When, 
however, two or more branch circuits of a phase are connected 
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In parallel, considerable noise and vibration occur even on no 
load. 

In the case of a.c. motors, the starting may be impaired 
and abnormal noise and vibration due to the unbalanced cur- 
rent consumption may be observed. In order to discover a 
faulty connection of this kind, it is best to supply the rotor 
with a suitable voltage with the stator winding open, or con- 
versely the stator when the rotor winding is open, and then 
to measure the induced voltages in the coils and phases 
9. Hectro-magnetic Forces. Overloads, due to switching on 
id oft. or on the occasion of a sliort circuit, may cause con- 


and 
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siderable forces between adjacent conductors. Inadequately 
secured portions of the winding such as the coil ends of a c 
stator windings, the connections of damper windings the 
conductors of field coils, etc., may become temporariiv or 
permanently deformed. The coil ends of stator windings are 
lorced against the stator iron, adjacent coil layers as well as 
tlie conductors of different phases lieing mutually repelled, 
and the conductors of one and the same phase mutually 
attracted. Unless these movements of portions of the winding 
and of individual conductors are restricted to a minimum by 
means of suitable distance pieces, the insulation cells may be 
fractured and the winding insulation be worn through by 
taction^, resulting in breakdowns to earth and short circuits. 
In modem machines such defects hardly ever occur, as suit- 
able supports for the winding are always provided. Fig. 23 
shows the effects of a short-circuit current on the interpole 
coil of a 750 kW. rotary converter of an early type; in Fig. 
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24 are shown tlic results of very frequent short circuits in the 
stator winding of a 12 0()0kVA., 3 000 r.p.m., three-phase 
turbo-generator formerly used for short-(*ireuit tests. The coil 
supports were in this case inadequate. 

Shafts, couplings, and attachments of rotor bodies" may be 
damaged by the torque surges occurring on sliort circuit. 
Fig. 25 represents the half coupling and key of the above- 



Fic. 24. MA(}NKTir Kjkli> Efi’Kcts of Short CrR( i its on tor Stator 
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mentioned generator; key and keyway have been hammered 
slack. 

Electromagnetic forces may cause sparking on loose terminals 
on the terminal bar or at bad contacts, which give rise to 
stray voltage surges so that eventually short circuits between 
parts of the installation or breakdowns to earth occur. These 
stray surges may lead to breakdowns to ground and to short 
circuits due to flash-overs between turns in the phase end coils. 
Many troubles can. after exhaustive investigation, be traced 
to sparking. 

10. Corona Effects. In the normal operation of alternators 
and a.c. motors, discharge phenomena are usually only met 
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with oil machines of early design having rated voltages of 
over 10 kV., and then only in the form of glov\ discharge. 
Glow discharge is only visible at night in the form ot Inniinous 
points, and only at places where the discharge extends farthest 
into the air, e g at points where the (‘onductors emerge from 
the core. Tlie presence of ozone caused by glow discharge (*an 
also be detected here and there in the cooling air. As little as 
0-()()()2 per cent by volume ot 
ozone in the air can be detected 
by anyone with a keen sense 
of smell The ozone (‘ontent in 
tlie cooling air of old ty]>es of 
generators may% howe\er, in 
crease to ten times this \aliie 
witiiout the smell of ozone being 
strong or any danger to tlie 
insulation being suspecttnl If 
the coil insulation, particularly 
the portion in the cure, whic*h 
is often wrapped with a mica 
product, has been carried out so 
(*arelessly that pockets of air are 
included, corona discharge may 
occur in these pockets. 

In the case of old ma(*hines 
for high voltages, no precautions 
were taken to avoid corona dis- 
charge at the end of and inside 
the slots. Ac(‘()rdingly it was 
possible for the pressboard slot liners, used for mechanical 
protection between the coils and the slot w^alls, to be destroyed. 
Fig. 2G shows an examjile of this The places least affected 
correspond to the positions of the cooling ducts. Similar effects 
of corona discharge on the paper backing of mica-paper 
wrapped coils are shown in Fig 27 The mi(‘a wrapping itself 
is unaffected. 

As a rule, maintenance staff are unduly apprehensive about 
the consequences of corona discharge. Actual cases of trouble 
due to this are extremely rare and generally restricted to 
machines of early design. 

The windings of modem high-tension machines are fre- 
quently provided with conducting layers at the slot ends as a 
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protection against corona discharge hlot liiimgh of presfeboaici 
and othei inatciials ate also coated with conducting varnishes 
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Fig 27 Covfrinc Layj r of a Mica Wrapplj) Coii. Attackpo by 
Coro V A Discharge 

(Taken from u 16 k\ single phase generator c^ith single pok earthing after 
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CHAPTER in 

TROUBLES IN THE CORE 


1. Short Circuits in Punchings. (a) Causes and Conseqttknces 
OF Shobt CnuuJiTS tn the PuNciiiN(kS. Tlio core stampings of 
stators and rotors are (*overed with thin paper or are provided 
with a layer of oxide or varnish for insulation. This insulation 
may be bridged by a conducting layer due to formation of a 
burr if the punchings are machined with unsuitable tools, or 
due to the rubbing of the punchings \vlien tlie rotor touches the 
stator iron. The iron losses are 
increased in this portion by the 
formation of eddy currents, and 
usually cause a higher tempera- 
ture rise ill the alfceted parts. 

Short-(*ircuit currents may also 
flow, as illustrated in Fig. 28, 
along the pressure bolts of the 
core when these are not insu- 
lated. The magnetic flux 
enclosed by the loop induces 
the short-circuit currents, which 
increase the losses still more and consequently the temperature 
rise in the affected portions. 

The results of temperature measurements in the iron at the 
back of an old 900 kVA. 8 000 volt, 0(i| r.p.m. three-phase 
generator with faulty punchings are shown in Fig. 29. 

The points at which tlie increased temjierature rise in the 
iron occurred coincide with the points at which the punchings 
are most burred over on the air gap. 

(6) Identification and Repair of a Short Circuit in 
THE Punchings. A stator or rotor made up of punchings can 
be tested by the following method for defects in the iron in 
which, owing to the destruction of the insulation, the stampings 
come into conta(*t with one another. A number of turns are 
wound round the iron as shown in Fig. 30, and alternating 
current is passed through this provisional exciting winding 
for between a quarter and half an hour. Eddy currents which 
heat up the points affected are produced by the magnetic flux 
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occurring in the iron at the points where the punchings are 
insufficiently insulated. These points can easily be found by 
feeling wdth the hand. 

The number of turns in the ^Mnding is determined approx- 
imately from the following formula— 

T~^K{DJ1) 

in which />,„ in cm. the mean diameter of the iron ring, 

1 in amperes — the permissible or available current 
and K is a constant whose value varies from 8 to 10. 



Ki(.. 2 \). Tkmpkratitres in the Core of a Stator, with Iron 
Troi bte. of a 900 kVA. Three-phase (Jenerator 
( l) Huiiitmu Ht the loait (i) On no-load at the latol voltape 


This formula holds good for 50 cycles and a mean induction 
of 10 000 gauss. The necessary voltage V in the coil is given 
by the equation 

V ~ 4’4 X f.B.a.T, 10 ® volts in which 
/ denotes the frequency in cycles, 

B the induction in gauss, aiul 

a the minimum cross-section of the active iron in cm. 2 . 
a ^ 0-^ X I - h cm.-, 

where I in cm. == the length of the iron less the widths of all the 
radial ducts, and 

h in cm. — the depth of the cross-section. 

If we assume / to be 50 cycles and B to be 10 000 gauss, 
then V 0-022. a. T. volts. 
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The elimination of troubles in the iron is diflfi(*ult when the 
burred layer is very thick, as may be the case when the rubbing 
has been extensive. Very serious burring renders partial 
rebuilding of the core necessary under certain circumstances. 
Small burrs may be removed with a sharp file uid careful 
lilting with a chisel of the individual laminations. The pro- 
cedure to be adopted in chiselling is shown in Fig. 30. Burnt 
places due to l)reakdowiis to the coie and short circuits between 
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winding turns may be repaired by chiselling or machining 
away the affected parts, and then re-insulating the individual 
punchings from one another by ])aper or coating with varnish. 

2. Noise. In addition to the well-known magnetic humming 
or ‘‘singing” of the machine, rattling noises, which usually 
disappear when the machine is unexcited, may be detected 
occasionally. On (‘loser investigation the point of origin of 
the noise can usually be limited to a fairly small area. Vibrat- 
ing distance pieces between the packets of laminations or 
vibrating end punchings are often found to be the cause. It 
is not uncommon to find small quantities of powdered rust at 

5 — {T 23 ) 



48 


FAULTS AND FAILURES IN ELEC^TRICAL PLANT 


the points eonoerned. This is always a sure si^n of iron parts 
having become worn and rubbed on one another. Accumula- 
tions of rust of this kind may also be found at the points of 
junction in stators liaving severni sections, when the noise is 
abnormal or in the case of vibration. 

Loose distance-pieces can often be edged with non-magneti(‘ 
material, but C‘are should be taken that the wedges inserted 
cannot gradually come out into the air gap. Vibrating pressure 
fingers or end-plates can likewise be Avcdged, wielded or entirely 
removed. 

3. Pulling-over of the Rotor. If a round rotor is mounted 
eccentrically in a round, or for that matter, out-of-round, 
stator, no vibration or wdiirling of the rotor will occur as a 
rule. The eccentricity, how^ever, increases the unbalanced 
magnetic pull. This may result in additional deflection of the 
shaft and also in the deflection of the stator, and in the ^^orst 
cases, the rotor may foul the stator. If, on the other hand, the 
stator winding of a motor oi a generator has parallel groups 
of coils and an unecpial air gap due to the displacement of the 
rotor, unequal voltages and in consequence (‘irculating currents 
may occur in these j)arallel circuits. These (*ause an increase 
in the noise and sometimes vibration. 

If an out-of-round rotor is mounted in an out-of-round 
stator, pulling-over ol the rotor may occur. In the case of 
slow speed vertical machines a lateral oscillation of the exciter- 
commutator and of the slip-rings also occurs uhen the shaft 
pulls over in the guide bearings. These os(*illations disappear 
when the machine is unexcited The corresponding plac*es in 
the stator and rotor can be found by marking the shaft with a 
coloured pencil and measuring the air gap. It is desirable to 
apply to the manufacturers in these cases, since either rotor 
or stator defect, or possibly both, must be removed. 



CHAPTER IV 

TROUBLES ON SLIP-RINGS AND BRUSHES 

1. Ring Material and its Defects. The design of slip-rings and 
the materials from which they are made varies in accordance 
witli the electrical and mechanical stresses to which they are 
subjected ill service. In addition to rings which are shrunk 
on to special bushes or directly ou to the shaft with mica sleeves 
or similar insulations, a large number of designs has been 
brought out in which the rings are S(*rewed on to a hub or held 
in position by through bolts. Shrunk-on rings are usually of 
bronze, cast iroii, or steel ; copper is also used in addition to 
these materials for screwed-on rings, particularly when special 
designs for passing very high currents are involved. Brass is 
usually only employed for slip-rings in the case of small motors. 

Troubles may arise due to defects in material, when bronze 
or cast iron is used, for cast slip-rings. The rings may have 
blow holes or even channels, or, as a result of irregular cooling, 
pla(*es of' unequal hardness and different structure. In con- 
sequen(‘e, the running surfa(*e may gradually wear away 
unevenly ; “fiats *’ then occur and cause vibration of the brushes. 
Eorgcd steel lings oi* rolled or drawn copper rings are more 
rarely subject to these troubles, although differences in the 
hardness may also arise in them due to irregular cooling. 
In the event of such troubles as the formation of grooves, 
defects in the material of a ring can only be detected externally 
wh(*n large inclusions, porous places, or cracks are visible. 
Micro-photographs and hardness tests must be made on the 
dismantled rings if no other explanation is possible, but the 
necessity for this seldom occurs. 

2. Brush Material, Pressure and Current Density. Brush 
material employed nowadays may be divided into four main 
groups — 

1. Hard carbon (carbon, retort carbon, and coke). 

2. Electro-graphitic carbon (the same basic material but 
graphitized electro-thermally). 

3. Natural graphite containing various other materials. 

4. Metallic graphite (graphite and metal with binding 
agents). 
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The manufacture of the various brushes is described tech- 
nically in special literature on this subject.* Hard carbon 
brushes are not, as a rule, used on slip-rings ; electro-graphitic 
carbons on tlie other hand are ♦ mployed on steel rings if the 
speeds of rotation are not excessive. Highly graphitic brushes 
are particularly suitable for use on steel and cast-iron slip-rings, 
as well as on high-speed copper rings. Metal -graphite brushes 
are nowadays chiefly used on bronze and copper slip-rings 
for speeds of up to 6 000 ft. per min. and even higlier. The 
various types of metallic brushes are distinguisJied from one 
another by tlieir metal content, v Inch facilitates the choice of 
a suitable brush even ibr difficult conditions such as liigh speed 
and liigh current density. 

The maximum ])eimishible current density in am]>eres per 
in.^ of active brush surface depends on the quality and dimen- 
sions of the brush, as well as on the material, dimensions, and 
speed of the ring. Accurate d ita in this connection are su])plied 
by the manufacturer either of the machine or of the brushes. 
Soft graphite and electro-graphitic brushes can carry a load 
of 50-80 A. per m.- and metallic brushes of 05 105 A. per 
in.- The higher the density, the better must be the mechan- 
ical bedding of ring and brush. As a rule brushes of small 
surface area can be more heavily loaded than large brushes, 
due to the better cooling and better bedding on the ring. Only 
brushes (*arrying current intermittently, that is, when brush 
lifting devices are fitted, can be subjected in the brief period 
of operation to an appreciably higher load. 

Brushes behave differently with alternating cuirent and 
direct current in regard to wear and sparking, since in the 
latter case the effect of polarity arises (see para. 0). 

The brush pressure chiefly dejiends on the material and speed 
of the brusli and rings. As a rule, jiressures of 1-7-2-25 lb. 
per in.- are sufficient for natural grajihite and electro-graphitic 
brushes and of 2*1 3-1 lb. per in.-^ for metal -graphite brushes. 
The correct pressures are usually given by the manufacturer 
of the machine or of the brushes. The pressure should remain 
unchanged during the life of the brush and brushes mounted 
on the same ring should not differ in pressure by more than 
about 10 per cent. 

'‘3. Sparking. Sparking at the brushes may vary in appear- 

* W, HoiiirK h Dai> Hitrstinprohhm tm Elektroma,schincnlMiu (in Gorman). 
P. Hunter- H^o^^n's book. Carbon Btuttheb and Electrical Machmea. 
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anee. That occasionally orcairring in the form of a streamer of 
constant intensity is usually harmless . it may be due to the 
expulsion of carbon particles. Frecpient sparking of this kind 
of a reddish, blue to greenish white colour, as well as pin-point 
sparking, suggests trouble in the current collection, and 
gradual destruction of the ring surface and inc leased b/ush 
wear may be expected. 

Among the reasons for sparking at the brushes, the chief 
one is out-of-round rings, causing vibiation. This may occur 
as the result of distortion of the rings and dis])la(*emeiit on the 
bush ; or when the rings have not In^en properly sliriink on in 
the first place and have become loose when heated u]) in service. 
The same fault miglit ap])ear if the initial shrinking was inade- 
quate and the rings be(‘aine overheated through using unsuitable 
brushes. “ Flats ’ on the rings will also cause the brushes to 
run unevenly. Furtlier data concerning pitting on the surfaces 
of rings are given in para. 0. 

Water, acids, and other liquids reaching the stationary 
rings may produce pits on the contact surfaces and cause the 
brushes to vibrate during •ojieration. Tlie result oi* this is 
sjiarking, burning of the rings and frecpiently ‘‘flats.” Mechan- 
ical damage, as from blows on the surface of the rings, naturally 
has similar effects. 

Burning over the entire })eri])herv of tlie surface occanvs when 
the brusli-gear is subject to vibration, of whu'h the causes are 
not in the ring surface itself. It may be due to loose brush - 
holders or to sla(‘kening of scTews or shrinkage of the insulated 
parts, or to vibration of the whole machine due to an error 
ill balancing or the rotor striking the liearings in an axial 
direction, so that the brush gear, A\hi(*h is frequently mounted 
on the end shields or pedestals, vibrates. In addition, the 
transmission, e.g. belts or gear wheels, is capable of causing 
indirectly through the machine, vibration in the brushes and 
sparking. The brushes may overhang the edge of the rings 
axially in the case of excessively narrow^ rings or incorrectly 
mounted brushes, as shown in Fig. 31. Under these conditions, 
with the slightest axial displacement of the rotor the brush 
receives a blow^ and sparking occurs. 

Incorrect brushes are another cause of sparking, when the 
friction between brush and ring may have bad results. As a 
rule the surface of the rings (juickly becomes polished when 
suitable brushes are employed. It is, however, by no means 
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rare for the surface to be eroded, and tlie friction to assume 
such dangerous proportions that grooving develops. The brush 
will never run smoothly on such a ring but will commence to 
spark owing to the vibration. 4n unsuitable type of brush 
may also result in excessive contact losses and overheating 
of the ring without actually forming grooves. Unequal dis- 
tribution of the current in the individual brushes then occurs 
quite often, with tlie result that brushes are overloaded and 
disintegrate. This ])rocess is dealt with in detail in para. 4. 

In addition, too great or too low a brush pres- 
sure may lead to similar troubles, as it affects 
the friction between ring and brusli. Grooves, 
sparking, and eventually burning, may occur 
owing to contamination of the rings and brushes 
by oil wliich is eithei lost by the bearings or 
exudes from spaces containing oil vapour wiien 
the machint* is running Occasionally rings are 
unnecessarily lubricated 

Sparking at tlie brushes may also occur w hen 
they are jammed in the holders or worn to siu h an extent that 
they rest on the holder. 

The design of brush holders has, of course, considerable 
influence on the satisfactory operation of the brushes. Modern 
designs of various types ensure good running ])rovided the 
right grade of brush is used, whi(*h should be free in the holder 
but not have too much ])Iay. The brush should not be tilted 
or jammed if the correct pressure on the ring is always to be 
maintained . 

4. Unequal Current Distribution. This trouble means that 
only one or a few of the total number of brushes on a slip-ring 
is carrying the greater part of the current. At first sparking is 
observed only at the more highly loaded brushes. Unless the 
current is quickly equalized, however, the brush flexible tails 
may overheat during a lengthy period of operation and the 
soldered joints in the brush capping become overheated and 
run out ; finally i ven the brush tails may fuse. The over- 
heating of the brush tails, which are usually of (jopper, is 
recognizable by the })luish-yellow colouring they assume. If 
they are actually burnt out and the trouble is not attended 
to immediately, current flows through the brush holder and 
the walls of the box into the sides of the brush. In extreme 
cases, the brush holder may fuse or become completely welded 
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to the brush. As an example of this. Pig. 32 shows a soorched 
highly graphitic* brush whieh ran on steed rings. Owing to an 
oxidized point of eontaet in the brush (*apping, the current 
flowed partially through the holder to the brush; tfie carbon 
parts were consequently damaged. The adjacent hrM^h exhibits 
metal inclusions which lesulted in imec]iial distribution of ihe 
current and which became clearly visible due to oxidation 
during the subsequent operation ot t he brush . The l)rush a Jw ays 

_ / • 
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wears away rapidly \\ hen there is unequal current distribution 
for any length of time, often within a few hours. An increased 
tem])erature rise occurs on the slip-rings and they may become 
loose on the bush. 

Unequal distriliution of the current may be caused by 
unsuitable brushes or varied types of brush on the same ring. 
The latter is a serious mistake. If two types of brush with 
different contact voltages, e.g. metallic and graphitic brushes 
or metallic brushes with different metal contents are employed, 
the current is distributed inversely proportional to the contact 
voltages of the individual brushes. In the first instance the 
metallic brushes would carry the major portion of the current 
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and be greatly overloaded since they possess a smaller contact 
resistance than graphitic brushes. The distribution of the 
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current in the brushes is regulated by the voltage drops in the 
brushes themselves, the drop between brushes and ring, and 

that along the brush arms. If 
brushes with a high contact 
voltage, i.e. graphitic brushes, 
are employed the voltage 
drops in the brush arms are 
usually negligible. Conversely, 
these drops in voltage may 
influence appreciably the dis- 
tribution of the current in the 
parallel brush circuits, if 
brushes with a high metal con- 
tent and very low contact 
drops are employed. 

Inequalities in the manufac- 
ture of brushes, and differences in pressure and length affect the 
contact voltage and consequently the uniform distribution of 
the current. A higher metal content and a higher brush pressure 
result in smaller contact drops. Fig. 33 shows the dependence 
of the contact drop between brush and ring on the brush 
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pressure. The contact voltage increases with vibrating brushes 
and a badly ground ring surface may also affect it. If the 
current density of a brush is incorrectly chosen, the operating 
point may be at an unsuitable position on the current /voltage 
curve. Fig. 34 shows this curve for a metallic brush. In the 


case of high current densities, somewhere in the range A, the 
contact voltage only increases slightly w ith the current density. 
A brush so highly loaded is no longer capable of suppressing or 
controlling an increased current load, since this requires an 


increasing contact voltage. £n the 
example, this remains practically un- 
changed even with an increased load. 

The voltage drops in the brush arms 
and leads are usually small, since these 
are liberally dimensioned. Fig. 35 shows 
a design w ith a parallel current connec 
tion. If the cross-section of the connec- 
tions is inadequate, unequal voltage 
drops may cause unequal distribution of 
the current, and the brushes in the 
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current than those at a greater distan(*e. 


The cross-sections of the conne(*tions are therefore often 


graduated, fiarticularly in designs for very heavy currents. 

( Considerable accumulation of dust in consequence of greater 
wear occurs from overloading on brushes with a high metal 
content, although in other respects these are less sensitive to 
high overloads than highly graphitic bruslies, since the metallic 
particles, copper, bronze or brass, assist condu(*tion. In metal- 
lic brushes with a faiily high graphite content the procedure 
in the case of current overloads is as follow s : In the first place, 
graphite begins to accumulate on the surface, whereupon the 
contact voltage increases and the temperature rises (Fig. 36). 
The negative temperature coefficient of the brush then reduces 
the resistance and voltage drop, so that the current increases 
still further. Finally the brush is worn away. Sparking usually 
occurs wdien there is considerable local overloading of a brush. 
Small beads of fused metal form on the rings and increase the 
friction, and finally they become so rough as to grind down the 
remaining brushes. The brush tails become so hot during this 
process that their contacts are oxidized and the contact 


resistances increased. Finally, therefore, the current in the 
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aflFected brush may be considerably reduced or entirely (mt oh. 
owing to the fusing of the brusli tails. The other brushes are 
then subjected to excessive loading and the trouble extends 
to these, so that the machine ea?i no longer be kept in service. 

The cuie for unequal current distribution may easily be 
deduced fi-oin the description ot the causes given above or 
from suitable tests. When the first signs of unequal distribution 
of the current are observed— for exaiii]ile, overheating of the 
brush tails, or heavy wear of the brushes it is often possible 
to avoid a stoppage by treating the rings with pumice stone 
or other abrasive. The brush surface is improved by slightly 
roughening the surface of the rings and in particular by the 
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abrasive matter deposited on them, and the current will 
probably be once more equally distributed. This is, of course, 
only an emergency measure. If the trouble increases or recurs, 
more drastic action is necessary, such as adjustment to a higher 
brush pressure which is as uniform as ])ossible, or modification 
of the entire brushgear. 

5. Development of Grooves, If the ring and brush materials 
are suitable, the pressure correct, and the rings aie running 
true, the surfaces (.f the rings of a new machine quickly become 
polished and the brush surface smooth. Rings and brushes 
then operate satisfactorily indefinitely and the current distri- 
bution remains unaltered. Excessive ring wear manifests 
itself as a broad track or a fine groove (hair lines) or merely 
by the roughness of the ring surface. Fig. 37 shows metallic 
brushes with hair grooves. The causes may lie in the ring or 
brush or in both. The ring may be a faulty porous casting, not 
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PNirned cleanly, or out of true The brush material iua> have 
an incorrect metal content, may contain im|>urities, or may not 
be homogeneous, or the brush may be operating at the wrong 
pressure and with excessive friction. The actual })assage of 
current from ring to brush may be responsible, due ^o unsuit- 
able current loading, unequal distribution ot the (*urrent ard 
the resultant accnnnulation of brush dust and increased friction, 
as well cas burning of the ring surface 

Dust or grit conveyed by dirtv an* are the chief extraneous 
causes of trouble 

The discovery of the basic cause is utteii difficult and requires 
at times s])ecial investigation. Rings which have become 
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grooved should first be properly turned and polished, and the 
brush-gear then tested for correct ])ressure. The play of the 
brushes in the holders and their vibration should then be 
checked, and repairs carried out if necessary to obtain jierfect 
meclianical conditions of rings and brushes. If no reason for 
the trouble can be detected, another type of brush should be 
used for these rings after informing the maker of the machine 
or brushes of the difficulties experienced and acting on his 
advice. 

6. Pitting of Rings. In using certain natural graphite brushes, 
jiitting may be observed occasionally on the rings after 
standing for some time, chiefly on steel rings. This occurs 
electro-chernically due to damp surrounding air and pre- 
sumably with the assistance of heat. The polished surface of 
the ring underneath the brush is attacked to a more or less 
marked degree according to the period of standing. When 
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put into service later, the points attacked soon become black 
and rough on account of the sparking of the brushes. After a 
more lengthy period of service and progressively greater spark- 
ing, the ring exhibits eroded and flat j)laces. To cure this a 
different grade of brusli must be used, or direct contact between 
ring and brush must be prevented by means of a paper insert 
when the machine is shut down. 

Pitting may occur on the sli])-rings of rotary converters when 
the brushes are so arranged tlial tlie niaximuin value of the 
alternating current passes at the same point in the ring and 
in the same direction from tlie brush to the ring at every 
revolution. The ring is thus continually more higlily loaded 
at one point. Such points may become rough in time, and 
eroded places may develo]> so that the brushes wlien running 
over them will spark. This trouble is avoidable by correct 
arrangement of the brushes. Similar ])henomena may occur at 
the slip-rings of the rotating fields of single-phase generators 
under the action of the alternating current vhich is super- 
imposed on the exciting current. 

It may be observed in individual cases on the sli{)-rings of 
synchronous generators and motors carrying direct current 
that only the f)ositive ring possesses a polished surface, whilst 
the negative ring is dull, and even rough in exceptional cases. 
The cause of this is the conveyance of j)articles of metal by 
the current from the negative ring to its brush ; and the action 
is more pronounced with higher current densities. The simplest 
remedy is to change the ])olarity of the rings from time to time. 
Otherwise the wear of ring and brushes of negative polarity 
may be uneven, particularly with copper and bronze rings, 
though less so in the case of steel rings. 

7. Excessive Brash Wear. The normal degree of w^ar must 
be known in order to estimate whether the brush w^ear is 
excessive. Alternating current tests on bronze rings show that 
on good metallic carbon brushes with a density of about 77 A. 
per in.‘^ and a speed of 5 ()()() to 6 000 ft. per min., w^ear of the 
oi:der of 0*16 to 0*28 in. j)er 1 000 hours of service may be 
expected. With direct current of about 90 A. per in.-, similar 
figures for w ear are obtained on the same type of rings and w ith 
good metallic brushes as mean values for both directions of 
current. It should, however, be observed that brushes with 
the current flowing from ring to brush show much greater wear 
than those when the current flow is in the opposite direction. 
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In a series of tests with different makes of brusli tlie ratio of 
the wear of those on the negative poles 1o the wear of tliose 
on the positive poles was found to be between 2 and 10. 

Less wear than the above values was obtained with copper 
rings and good brush working conditions, as well as with 
graphitic brushes on steel rings under similar (•i)nditions of 
operation. Wear naturally depends largely on the attention 
given to the rings, the dimensions of the brushes, and the 
copper content of the rings, as well as on the speed, current 
density, pressure and cooling. IndivKlual brushes on the same 
ring may exhibit different degrees of wear. The cause for this 
may be lack of uniformity in Tnanul’a(*ture, or a greater or less 
degree of any of the disturbing influences previously described. 
A brush wdiich works in a perfectly satisfactory maimer at a 
speed of 2 000 to 2 500 ft. per min. at liigh loadings, may 
(‘ompletely fail w hen this speed is doubled. 

The arrangement of the brushes on the ring greatly influ- 
ences wear, (^ooling is hindered on rings with closely spaced 
brushes, and the dust from one brush may be carried along 
under the contact surface of the suc(*eeding one. The brush 
wpar is tlierefore greater than on rings with widely -sjiaced 
brushes. In order to ex])el tlie dust and cool the surface 
better, brushes are sometimes slotted oblicpiely or transversely 
to the direction of movement. Brush wear may also be greatly 
increased by external dust. The same effect is jiroduced by 
incorrect treatment of the rings, \ iz. frequent use of emer\ 
cloth, or use of unsuitable lubrication. Only with really suit- 
able brushes and careful maintenance of rings and brush -gear 
can wear be kept at a minimum. Any one of the above troubles 
immediately produces marked brush wear far exceeding the 
values mentioned at the beginning of this section. Unecpial 
distribution of‘ the current is ]3y far tlie most common cause of 
brush wear. 

When there is considerable brush wear the cause of trouble 
should be sought among those described above, and eliminated 
by the methods suggested. 

8. Care and Maintenance of Slip-rings. Provided suitable 
brushes are emjiloyed, slip-rings and brushes, as a rule, require 
no attention, apart from the occasional removal of dust, light 
rubbing with emery cloth of rings which have become pitted, 
and the replacement of worn brushes. Occasionally lubricants 
such as vaseline or oils — sparingly employed — improve the 
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conditions of operatioji. Great care should, however, be exer- 
cised in the use of lubricants, even those highly reeomtnended 
and sold at exorbitant prices, as they often do more harm than 
good. 

The rough suriace of a ring which is still round can usually 
be reconditioned witliout difiieulty with a suitable abrasive 
and emery cloth It is, lumever, not possible by these means 
to cure a ling which is out of round; in fact, abrasion will 
merely aggravate the trouble as flats and cavities become still 
more extensive. Out-of-round rings can only be renovated by 
trueing with a tool or by means of sj^ecial grinding ecpiipment 
with a rigidly clamped stone. Before turning, the rings should 
be tightly secured to the shaft. 

Ill order that no carbon dust may penetrate beneath the 
leads and connections and cause creepage paths and flash- 
overs, the s|)aces between the rings should be packed with 
cotton tape or the like. Turning should only be carried out 
with a small feed of about ()*0()2 in. to 0*004 in. per revolution 
in order to obtaiii a smooth surface 44ie jieripheral speed may 
then amount to about 

40 r»2 t1. por nun. fnr (ast-iion anci st('ol iin^s. 

JOO ,, Inonze iings. 

100 lO.y ,, ,, i upper lings. 

Any good tool steel may be used for turning. The ring should 
be turned without interruption; ])articular care should be 
taken to see that the play in the lathe gearing is not too great, 
which W'ould result in unevenness in the turned surface. After 
turning, the rings should be polished if nei*essary wdth emery 
cloth mounted on a suitably curved piece of wood. 

9. Mounting of the Brushes. Brushes should always be 
carefully mounted and bedded in. In inserting the brushes 
the brush holders should be carefully checked for correct 
position, cleaned of dust, and the ])ressure lever and its pivot 
tested to sec they are not sticking. The distance between the 
lower edge of the brush box and the ring should not exceed 
0*08 in. and the holders should be so mounted that the brushes 
do not project beyond the edges of the slip-rings. If the width 
of the ring is greater than the width of one or more adjacent 
brushes, the brushes on the individual arms should be staggered 
in order that the ring may wear as uniformly as possible over 
the entire width. The brushes should not be tight in the holders, 
and special care should be taken to see that the brush tails do 
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3 t impede the movement of the brushes. The clearance of the 
brushes in the holder should normally not exceed the following 
values — 



Clearance 

(^liousandths ot an inch) 


In Li)iigitudiiial 
Diieetion 
(Axial) 


111 Jiireetion of Rotation 
(for a brush w idth of) 

0*2 in. to 0‘62r) in I Over 0 (>25 in 


Mmiiriuin cloaranee . i 8 4 b 

Maxiinnin cloaranee 20 i 12 H> 


Excessive clearance is just as harmful as too little, since the 
brushes rock in the liolder and a proper running surface is not 
obtained. The differences in the spring pressures of all the 
holders of a brush arm should not amount to much more than 
10 per cent, or unequal distribution of the current vill occur. 
In additi(jn, the brush pressure should 
remain as constant as })ossible through- 
out the entire working range. 

The brush surface should be ground 
to fit the curvature of the ring with 
glass ])aper or emery cloth of medium 
grain. This is placed between tlie ring 
and the brush as depicted in Fig. 38: 
the pressure lever of the holder is then 
mounted and the strip of glass paper w., 38 

moved backwards and forwards until Grinding in of Brushes 
the entire surface of the brush is cloth m piass pappi. 

bedded. Metallic brushes are more ?«) conectmothoa. 
difficult to bed than graphitic brushes, ^'roujsmtthod 
owing to their hardness. These brushes, however, can be prepared 
with a file or suitable grinding wlieel from a template corre- 
sponding to the curvature of the ring. Brush manufacturers may 
also in the case of large orders supply the brushes ready shaped. 
Brushes and rings should be carefully cleaned of dust after 
bedding and the machine is then again ready for service. It 
is advisable always to mount and bed-in the brushes carefully, 
as then the chances of subsequent trouble are much less. When 
changing and renewing brushes during service not more than 
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about one-third of tlic entire set of i)rushes should be renewed 
at the same time, so that tlie old brushes will colleet the current 
satisfactorily while the new brushes are bedding themselves in. 
Complete renewal thus yiroceeds without any marked change 
in operation. 



(^HAPTKR V 

TROUBLES IN COMMUTATORS AND BRUSHES 

1. Definition of Good Commutation. I'he dc^velopnient of 
elec‘tric*al niachiiu' const ruction in recent times has led to a 
demand for the maxiimim possible electrical loadings. This 
also applies to commut<itioii, in which the limiting conditions 
are approached in the case* of modern d.c. machines. The old 
idea that not even the smallest sparks should he visible at the 
brushes of d.c. machines at any load, including wlien ])ossible 
overload, has accordmgly had to be abandoned. Modern ideas 
are authoritatively expressed by tlie Verba nd Dtmtscher 
Elektrotechniker’s 10,‘h) linU^ for Klectiica! Machines {REM) 
as follows : Oijeration may for ])ract ical purpos(*s be descTibed 
as sparkless w hen commutator and brushes leinain in serviceable 
condition.” If, therefore, only periodical cleaning of the com- 
mutator, replacement of worn brushes and slight lul)rication of 
the commutator are necessary, and service is not interrupted, 
the commutation may be des(Tibed as good even if slight 
K})arking is to be observed. Practice also shows that large 
machines for heavy (‘urrents (*an remain in continuous full load 
operatioji for months on end wi*h slight pin-point s])arking, 
without any brush or commutator trouble. Machines with a 
very varying load and brief very high current overloads, such 
as are used for traction, wdnding and rolling mill ecpiipment, 
are even less sensitive in this respect. During brief high cur- 
rent peaks, there is no time for the full effect of s])arking iii 
the brushes to be felt, the surfaces of brush and commutator 
become repolished during the succeeding light load periods, 
and the brushes cool off in the meantime. 

2. Adjustment of Interpole Strength and Polarity. The 

reader is assumed to be familiar with the ])ro(*esses in commu- 
tating an armature coil, as a fundamental explanation is 
beyond the scope of the present work and numerous textbooks 
on the subject arc available. Alteration of the direction of the 
current in the coil short-circuited by the brush and in the 
adjacent coils produces in the former a reactance voltage. The 
interpoles are used to balance this reactance voltage at all 
loads. The correct connection of the intcrpole is showm in Fig. 


(T>m) 
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39. The strength of the eomniutating field is usually adjusted 
to the proper value at the mamifaeturer’s works. If, in exeep- 
tional eases, it should only he possible to carry out this adjust- 
ment when the nuiehine is placed in com mission, the work is 
usually carried out by ^he manufacturer’s staff. In order to 
test interpole adjustment or eommutation it is necessary, in 
addition to the other investigations, to plot brush potential 
curves, work usually done by the works test staff, not so 
mucli because of the arrangement and earrving out of the test 
as on account of the evaluation of the diagrams recorded. 



Fk;. .S9 (’orrkct Foi.i] Sf.Qi c\( j in !).(' ( Jj’sruA ioks 
AND Morous 
(n'liPiatoi liHfht Motoi 

This requires gieat experience if reliable (*onclusions are to be 
drawn as to the (‘orrect or incorrect interpole adjustment, and 
practical suggestions are to be made for the modification of 
the commutating field. 

Nothing can be observed on a d.e. machine w hen in operation 
which clearly indicates incorrect adjustment of the commutat- 
ing field exce})t marked sparking, [f this is sus])ected as the 
cause of the trouble wdiether after a change of brush grade or 
brush width, or after permanent alteration of such operating 
conditions as voltage or speed, it is advisable to consult the 
manufacturers of the machine. The latter will modify the 
commutating field by arranging a parallel resistance to the 
commutating winding, or by varying the air gap by means of 
inserts in the pole body or between the body and the yoke. 

3. Ageing of the Commutator. A commutator should 
remain as round as })ossible in service independently of the 
temperature and speed. The bars should not be deformed by 
heating and centrifugal forces, and should not project either 
singly or in groups, since the brushes will then be inclined to 
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Shatter. The slightest modifieatioii to the (‘oinniutator parts 
influences its (‘onditioii and diineiisions and. in addition, 
commutators, particularly laigc ones for high s])ccds, onb* 
reach their final state after a (*ertaiii period of servi( e in which 
all variations cease, (^oniinutators frecpiently recjuire to be 
turned after trial runs at the manufactu' Ts in tmler to remove 
the slight fleformations which have aris<*n due to heating 
and cooling. Even after being in service for a fairly lengthy 
period, in which the (‘omnnitator ages, a second turning is 
often necessary. Man\ firms ‘’season ' their commutators 
artificially by freijuent heat 
ing and cooling, heat nig 
being eflected b\ friction 
on 1 h(‘ running commutator 
4. Brush Holders. With 
accurately made radial 
holders, the brushes should 
operate sat isf act orily 
regardless of the direction ot 
rotation. Witli in(*lined or 
reaction holders, however, 
a })redetermined direction 
of rotation must be maintained. Fig. 40 shows the correct 
and faulty mounting of a reaction holder. There is no ideal 
inclination of the brushes for all (‘onimutators and it varies in 
degree with different constructions. 

The brush boxes, ])articularly for soft brushes, must not 
be too short, or they may cut into the brushes and cause them 
to stick. Sideways clearance between brush and holder is 
also im])ortant if chattering of the brush in the holder is to 
be avoided, and at the same time accurate bedding of the brush 
on the commutator is essential. The limits of play allowable 
are given in diapter IV, para. 9. 

The brush jiressure has to be adjusted pi*incipally according 
to the grade of brush and the speed. It is important for the 
brush pressure to b(‘ kept the same over the whole working 
range of all the binslies, particularly on machines for high 
currents whi(*h have a large number of brushes per arm. 

Some constructions allow' of an adjustment of the pressure 
during the wear of a brush, but wdth a properly designed brush 
holder this is not necessary. The maintenance staff may vary 
the brush adjustment according to their own ideas and do 
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more harm than good, fii general, reduction of the pressure 
by not more than 10 per cent to 15 per cent from the new to 
the used state of the brushes is quite practicable, and the 
difference in ])ressure for different holders should also not 
exceed this \alue. Between the pressure finger and brushes 
of many holders there is an insulating piece, or alternatively 
this may be placerl at the fulcrum of the jiressure finger. Tf it 
has l)econic defective, the spring and pressure piece may act as 
conductors of the current, whicli will proha})ly lead to trouble. 

The holders should ])e firmly fixed on the brush arms and 
the brush-gear so constructed that the brushes do not vibrate. 
Tross conne(‘tions and brush arms, particularly for heavy 
curr(‘nt machines, must lie adequately dimensioned so that 
no oxidation occurs o\v ing to excessive lieatingat the contacts. 
Oxidation increas(‘s the contact resistan(*e and causes the 
(‘urrents to be unequally distributed to the individual brush 
arms. Tliese contacts, as well as the connections of the brush 
le<ids, should always be well bedded during overhaul of 
mac] lines. 

5. Brush Material, Pressure, and Current Loading. It is 

customary nowadays to use carl)on. in one or other of its 
forms, for brushes on commutators, and metal -graphite 
tirushes are only used for machines of \ery low voltage, 
('arbon lirushes can bi‘ divided roughly into three groujis — 
hard carbon, >^ 0/1 rathon, and electro-graphitic. 

As a rule hard carbon brushes are only suitable for speeds 
up to about 3 000 ft. j)er min. and current densities from about 
25 to 50 A. per in.- They have a high specific resistance, high 
brush contact drop, and are generally used for machines of 
small output, as well as in cases where difficult commutation 
conditions reipnre a brush of high (‘oiitacd drop. A.c. com- 
mutator machines are also usually eipiiiiped with hard carbon 
brushes. This type of brush has a tendency to chatter, especi- 
ally when the machine is on no-load ; on this account brush 
fractures often occur with even a slight roughness of the 
(‘ominutatoi surface. 

Higlily giaphitie, i.e. soft carbon, brushes can be used for all 
purposes on d.c machines. Their specific resistance is smaller 
than that of hard brushes, and, furthermore, the coefficient 
of friction, which is of the order of 0* 1-0*2, is small. These 
brushes are suitable for commutator speeds up to about 
10 000 ft. per min , and facilitate quiet running. 
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Eleotro-graphitio l)rus}ies are intermediate ])etweeii soft 
carbon and hard (‘arhon ))rnshes. "riiey an* used to-day for all 
types of coininutator machines, and according to tlie grade are 
suitable for average and high commutator speeds up to 10 000 
ft. per min. Their coettici(‘Tit of friction, specific resistaiu'e and 
brush contact voltage are higher thr^ those oi soft brushes. 
They are at the same* iinu less incliiH'd than luu*d carbon 
brushes to chatter when running without current. 

Metal-graphite brushes are (uily nst*d foi* machines wdth 
high currents and low )ltages on which commutation is easy 
and good; tor (*xaniplc machines (dr (dect rolyt ic ])urposes. 
The brush contact voltage is small, \arving betw(*(*n 0-.*i and 
0*6 volts according to the metallic content, so that tlu* brush 
contact loss is small The highest permissible j)eriphei*al 
speed is about 5 000 it. p(*r min. ddu* specitic brush prc'ssure 
for hard carbon, electro-graphitic and highly gra])hitic brushes 
should be between l-o and lb. |)(‘r in.-, but in exceptional 
cas(*s may be as high as 2-5 lb ])cr in.- (dr stationary machines. 
For vehicle* motors which are sulijcct to jolts and vibration, 
even higher pressure's are necessarv . Metal-grajihite iirushes 
show' excessive wear* with too low brush ])rcssurc on account 
of unecjual current distribution, and thcrc'fore foi* th(*se a 
pressure of about 2*o 1b. per in.- is desirable. 

6. Causes of Sparking, (e/) (hivitACTKJt of Spakks. Spark- 
ing occurs in diffen^nt fcu'ins and colours according to the 
nature and (‘xtent of the trouble* ies])onsible foi* it, and first 
becomes in jurious when complete layers and areas of the brush 
surfaces are burnt. It is generally callc'd pin-point sparking 
wdien in the form of small spherical sparks. There is, however, 
another tyjie of sparking referred to as throwers. Slight pin- 
point sparking, whicli often occurs on tlie leaving brush edges 
in the form of small blue-wliite or reddish ])oints, is the least 
harmful. Larger pin-points, particularly when yellow' in 
colour, suggest commutator trouble and eventually blacken 
the commutator. When ])in-point sparking and streamers 
occur together, it is an indication of more serious trouble, the 
commutator becomes damaged in a very short time, and the 
brush surfaces show sooty streaks across the* direction of 
rotation. A machine with vibrating brushes tends to exhibit 
pin-point sparking combined with streamers of a greenish- 
wliite colour. This indicates burning co])])er, and as the 
burning })rogi*esses, the sparking usually becomes so bad as to 
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produce a crackling noise, and occurs not only at the edges of 
the brushes but also under them. Streamers ap])ear under the 
brushes and the latter seem to run on a cushion of fire. The 
brush contact surfaces no longer show a polish, but have sooty 
or dull spots of irregular '^hape, often in well-defined areas. 

blowing of the brush edges from time to time in conjunction 
with sparks and streamers indicates had commutation and 
varying unecpial (‘urrent distribution under tlie brushes of the 
same arm. I’his condition must not he allowed to continue 
as it leads to deterioration of the brushes and of the commutator 
surface. The phenomena associated with sparking ar(‘ so 
varied that j)r(‘cisc determination ol’ (*ause aiid effect is only 
possible to a (*ertain degree, and even then only after con- 
siderable experience of the problem. 

A.c. commutator motors generally show s])arking of a 
reddish \vhit(‘ colour. They may exhibit a much higher d(‘gree 
of sparking than d.c. machines without damage. 

(b) Bursn Vthhatiov. This is the cause of the most seiious 
commutator troubles in service. The most likely reasons for 
this trouble are "out-of-round " commutators, high commutator 
segments, high mica segments, groovess and ridges in the 
commutator, or in fact, any unevenness of the commutator 
surface, however produ(*ed. At the liigher speeds, at which 
the brushes can no longer follow the irregularities in the com- 
mutator, they will bounce and <‘onse(piently spoil the (luality 
of the commutation if the commutator shajie is (‘ven slightly 
distorted du(‘ to [irojection of several copper or mica segments. 
It is sometimes found that recently cleaned commutators 
exhibit une((ual jailishing, in that single segments are unpolished 
on a commutator which is otherwise in excellent condition. 
Such segments or groups of segments standing liack from 
the surface of the commutator, are called and result in 
small variations in the surface in contact with the brushes, 
making the latter run roughly. The greater the speed of the 
commutator or the more sensitive the machine as regards its 
cominutatioi:, the more important it is to have an abso- 
lutely round commutator. ( Wsequently, the distortion arising 
in service in (‘ommutators as detailed in C^liapter V, para. 3, 
must be a minimum. Apart from temporary distortion, how- 
ever, the commutator can become permanently damaged as 
the result of burning or unequal wear of the surface. Tem- 
porary distortion of the commutator will occur with rapid 
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temperature changes, also with any sudden rise in tlie cooling 
air tem])erature. Permanent damage of the commutator 
contact surtace naturallv results in permanently defective 
commutation, while temporary distortion only affects it for 
a longer or shorter time uf<*ording to the circumstances. If 
the distortion is due to heating, the .. achine will probably 
o])erate as well as before when the commutator has reached 
the new tem})erature corresponding to tlie new i)ermaneiit 
state. If a permanent, althougli small distortion has occurred, 
such as a high segment o? a flat, and this has increased the 
degree of s])arking, the mnhine can still remain in service as 
long as single segment^ liave not been burned or the brush 
contact surfaces damaged so as to cause streamers. Quite 
often in this case daiL patclies or si r(‘aks will form on the 
cv)mmutat()r. 

Distortion of the commutator is best identified by running 
the machine, when in extreme (ases it can be observed visu- 
ally, ])y tbe movement of the brushes in the holders. Smaller 
brush movements can ))e felt with tiu^ linger tijis by holding 
a fountain ])en or similar piece of insulating rod on the top of 
the brush. Quite small distortions (*an be detected by this 
means. Protruding segments can be easily recognized owing 
to the chattering noise produced. In addition, the side surfaces 
of the brushes show tra(*es of vibration, in that they become 
polished. 

A less common cause of bad commutation is brush vibra- 
tion due to an incom})letely round armature; that is, the 
armature core may be displaced so as to give an uneven air 
gap. The armature is then subjected to an unbalanced pull 
towards one side, j>articularly wdth madiines having a small 
gap. If theie is (‘onsiderable play in the bearings the arma- 
ture tends to have a whirling motion, which is followed by 
the commutatoj* and brushes. At a high speefl tliis causes 
excessive vibration of the brushes. 

^"ibration of tlie brushes, brush holders and of the whole 
brush-gear can be [produced by the knocking of segments 
on the bruslies or fi*om mere friction. If there is too much 
play in the holders, the brushes may “bounce'’ and cause 
movement of the brush holders or even brush arms until it is 
impossible to operate the machine because of the excessive 
sparking. The most likely causes of such oscillations are the 
grade of brush, shape of holdei* and its mode of attachment to 
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the brush arms. The varia- 
tion of brush pressure with 
wear, and the distance of 
the holders from the com- 
mutator, are other possible 
causes of bad commuta- 
tion. Troubles from these 
causes are indicated by tlie 
state of polish on the com- 
mutator and brush contact 
suifaces. An examfde of 
this, showing how^ incorrect 
fixing of tlie holder on the 
brush arm iiHTeases the 
vibration, is shown by the 
oscillograms of tlie brush 
contact \()ltage in Fig. 41, 
taken between two separ- 
ately su p})lied neighbouring 
lirushes Fig 41 (a) is the 
norma] brush arm wdth 
ordinary radial holder. 
While the oscillogram in 
Fig. 41 (6) was being taken 
a reaction holder with 
diderent dimensions w^as 
fixed on the same brush 
arm. For Fig. 41 (c) the 
same reaction holder was 
used but the brush arm had 
additional supports. (Weis 
necessary, however, when 
using additional supports 
to steady brush holders if 
the results are to be 
successful. 

The obvious signs of 
vibration caused by fric- 
tion between commutator 
and brushes are that the 
brushes, even at no-load or 
small load, begin to squeak 
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"and chatter. By running over tlie commutator surface with a 
dry cloth or by a very light application of paraffin ’vvax, this 
noise and vibration can usually be reduced, "fliis })hcnomenou, 
which depends on the state of the brush contact surface at 
no-load and wlum on load, is particulaj*l\ common in traction 
motors. A large number of brushes is . *»metimes broken when 
running on light load (such as during the shunting operation 
of a locomotive) and 
certain brush grades ar(' 
also ])rone to this trouble 
when new brush(\s arc 
being run in witii no 
load on the machine. 

The chattering can 
become so violent that 
j)arts break w luTe least 
expected to do so. 

Fig 42 shows two such 
brushes. Fig. 43 shows 
brushes and brush 
holders damaged during 
normal operation ortlK‘ 
machine by vibration 
due to use of the wrong 



grade of brush. The 
first cause of commuta 
tion trou ble is oft en 
natural frequenev \ ibra 
tions due to the brush 
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wear having reac'hed a 

certain stage. The shorteiual brushes eitheu’ lit unsatisfactorily 
in the holder so that they tend to stick, or else the relative 
w^eights and the friction in the brush l)ox change, and with them 
the natural frequency. In spite of a steady or only slightly 
varying brush pressure the brushes begin to vibrate. If the 
brushes are replaced by new' ones of the same grade, the 
machine may operate for a month or so without trouble until 
the critical brush length is reached once again. 

While vibration troubles have very different causes, the 
results are alw ays the same : as soon as a critical stage is 
reached, commutation deteriorates. General directions for the 


cure of these troubles cannot be given except for cases 
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where the eommutator is not eoinpletely round, or the com- 
mutator Hcgnients or mica ])roject. if externally caused 
vibrations due to the driving and transmission gear are respon- 
sible, they can usually be recognized and cured after careful 
observation. Natural f^ecjiiency vibrations are more difficult to 
investigate If these are suspected to be the cause of the 
trouble, and other possible causes have been removed, an 
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alternative grade ol’ brush should be tried. In (‘very ease it 
is advisable to consult the supplier of th(' machine. If the 
trouble is attacked in the wrong way in the tirst place, matters 
may be made very much wTu-se. 

(c) lNcoRKE(n^ Interpolk Aimpm^ment. The achievement 
of proper iiiterpole adjustment and the possibilities of altering 
it in servi'c are dis(*ussed in diayder A", para. 2. 

When the interpole is wrongly adjusted, the machine sparks 
on all brush arms, even on partial load. The sparking be(‘omes 
more intense the longer tlie machine is worked, until it is 
impossible to operate it at all. A machine w ill often on account 
of its construction and dimensions operate for a considerable 
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lime in spite of wrong interpolc adjustment, particularly 
with a variable load. In thi^s (*ase, there is fre(]uentlY slight 
sparking aeconipanied by burning of the segments: and the 
surface of the commutator, especially when running, a])pears 
to be covered with a gHWid. fihn. The lirushes, according to 
the strength of tlie interfiole excitation. . ccjuire (>n eitlier the 
leading or trailing surfaces dull stri])es. known as zones as in 
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^ Fig. 44. which at lirst are only faint but be(‘ome more defined 
as the machine continues in use. It needs considerabl(‘ e\|)eri- 
ence to judge when incorrect interpole adjustment is the cause 
' of the trouble, since this zone-forruition also occurs in con- 
nection with vibrations. 

If the brush width is (‘hanged, it must be notcal that a brush 
which is narrowei. i.e s])ans fewer segments, needs a stronger 
Jiiterpole held, and vice versa. 

(d) RnvuRsKi) Intrrpolk VVindino If a machine develops 
\iolent sparking at no load or very light load, the interpole 
winding may be wrongly (‘onnected, a trouble only likely to 
arise after rejiair or overhaul. In this case, the connections to 
the interpole winding should first be checked. Terminals to 
be connected together are usually marked. The poles should 
be as shown in Fig. 39, and the trouble is most (piickly 
put right if the c()nne(‘tic)ns attached to the brusli leads are 
interchanged and the machine retested. 

(e) lN(mRECT Brush Position, Settino iv Neutral. The 
brushes of modern d.c. machines having interpoles generally 
lie in the mechanical neutral, or are only slightly displaced 
from it, and the best brush position is usually indicated by a 
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mark on tlie brush ro(*ker-ring. If it becomes necessary to 
check the brush position, this can be done in the following way. 

With the armature open-circuited and the machine at 
rest, the main pole winding is su])])lied from an external 
source -for example i storage battery —with a small current, 
through a switch so that the circuit can be easily closed or 
opened. Between two adjacent brusli-arms a sensitive d.c. 
voltmeter is connected, having a scale of a few volts. If the 
circuit is (juickly opened or closed, voltages ai'c induced which 
are at their smallest value wlien the brushes are in the neutral 
zone. This position must ])e established l)y rocking the brushes, 
and the test sliould be carried out witlj two or three dift'erent 
armature positions. This method is frecjuently termed deter- 
mining the kicl'-neutral. 

Another method is as follows 

With the main field cinaiit broken, the armature and inter- 
pole windings are supplied with current ol about one-tenth 
normal value. The brush locker is then displaced, always in 
the same direction, until the armature of the macliine begins 
to turn, and this position is noted. The same ])rocedure is 
repeated for the opfiosite direction and the new point marked. 
The test is repeated several times with tlie current (*onstant, 
and the neutral zone li(\s almost exa(*tly in the middle between 
the two ])oints found. During this test, compound windings 
must be disconnected, and the brush rocker must not remain 
displa(‘ed for long after the armature has (*ommenced to rotate, 
since it may very rapidly reach a dangerous speed. This 
experiment at tlie same time allows the conne(*tion of the 
interpole winding to be checked, sin(*e the displacement of 
the brush rocker must be in tlie same rlirection as the armature 
rotation . 

For reversible motors, the neutral zone can be very precisely 
fixed from the speed variation as descTibed in (>ha]jter XJi, 
para. 2 (f/). This last method is usually known as determining 
the runviiuj nantml. 

if) Wrong (Ikadf. of Biirsn. When the commutation of a 
machine alters after new^ brushes of the same grade have been 
fitted, this usually indicates that the new brushes have not been 
properly bedded, and (‘onseijuently, as the brushes become 
bedded in, the (‘ommutation tends to revert to its former 
standard. If, however, the new^ brushes are of a different 
grade and the commutation continues to be unsatisfactory, 
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even though the contact surfaces of the brushes are run in, 
it may be (*onclijded that the quality of brush is not suitable 
for the machine in question It is naturally advisable to use 
the same grade of brush as was originally supplied. 

It is always bad practice to use different grades of brush 
simultaneously on a ina(‘hine, and paricularly on the same 
brush arm. If in cases of (unergenc^ odd brushes are used, 
these must at least ])e uniformly distributed on l)riish arms of 
the same polarity 

(g) Inaccitratk Bki'sf Scvctnc^. If individual brush arms 
are spaced irregularlv nuund the commutator, tlicn those 
armature conductors co inectcd in ])arallel by brushes of the 
same polarity are not in the same strength of magnetic field, 
and circulating currents which arise may cause sparking on 
single arms. One cause of this trouble is the shrinkage' or 
removal of the insulation of the brush arm; or it may be 
caused by faulty construction of the support or the brusli 
holder. In addition, it occasionally happens that in certain 
designs all brushes of the same polarity are displaced in the 
machine as received from the supplier. In this case, however, 
as distinct from the inaccuracies mentioned before', the spacing 
between alternate' brush arms is e*one(*t. 

The tlu'enutical sjiacing between adjacent brush arms is 


( Commutator edrcumfe'rene-e 
No. of brush arms 


inche's. 


The actual distances be^tween brushes me'asured ein the 
e*e)mmutate)r cireaimference as a rule ought neit to differ from 
the theoretical figure by more than the thickness of one mica 
segment. The sensitivity eif the machine to errens in the brush 
spacing varies. With incorrect brush s]>acing individual 
brushes may l^e inclined relative to the commutator and this 
may lead to chattering and ultimately s])arking. 

(h) Brush Boxes In^oorrectly Assembled. Tf the brush 
boxes are careles.>ly l)uilt up on the brusli arm, tliey may not 
be in a straight line, the total effective lirush width is increased 
and the number of segments covered at one time varies, which 
adversely affects (*ommutation. The brushes wdiieh spark are 
generally those fixed most w ide of the electrical neutral posi- 
tion. When adjusting the mounting of the brush boxes, either 
the brush rocker should be displaced, or the armature turned 
so that all brushes are in line with one segment edge. If the 
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bru8h(\s of one arm were Bteppcd originally, the brushes of each 
step nnist l)e arratiged in one line with the eominiitator 
segments. 

(/) Whono Barsii Pjresm re. With too small brush pressure, 
the brushes, (\speeially w hen they are narrow^ are vibrated off* 
tlie commutator by t!ie impacts of the segments and the chang- 
ing friction. Hiis leads to sparking and the current is then 
unequally distributed amongst the brushes. The brush ])ressure 
must be suitable for the type of brush as well as for the operat- 
ing conditions of the machine, and a few guiding values are 
given in C^hapter \', para. 5. The results of unequal current 
distribution are discussed in diapter V, })ara. 7. 

The original brush ])ressure may decrease due to heating 
up of the springs caused by unequal current distributicui. or 
due to slackness of the vsprings ])roduced by mechanical ov^er- 
loarling. More often than not the operating ])ersonn('l are 
responsible for this if holders with adjustable s})ring j>ressure 
are provided. With a pr()j)erlv construeted lu>lder the pressiire 
remains almost constant over the wdiole working range ol the 
brushes. An alteration in pnsssure is not necessary and usually 
does not occur without some speeial reason. 

{/ i ) Unequal Air (Ups. Due to differing lengths ol'air gap 
under the various main poles, which may be caused by unequal 
pole lengths, the parallel armature cmuiits may have different 
e.m.f.'s induced in them, so that internal ecpializing currents 
occur. For this reason motlern machines, particularly for large 
outputs, have e({ualizing connections. Since even with the 
iuost accurate construction of the machine, small differences 
in air gaps and jnagnetic permeability are unavoidable, the 
equalizing connections prevent bad commutation by diverting 
the circulating currents from the brushgear. If. however, the 
differences in the ah’ gaps are too great, or the equalizing 
connectors are lac*king. or if insufficient commutator segments 
are connected to them, the circulating current Hows through 
the brushes and commutator and spoils the commutation. 

Considerable variations in the length of the air ga]) can 
occur due to displacement of the bearings, or to errors in the 
remounting of tlie poles after overhaul or repair. In addition, 
saturation plates between ])ole body and yoke may hav^e been 
forgotten, or poles be inclined or alternatively displaced 
sideways, causing wrong flux distribution. The variation in 
the air gaps of single ])oles ought not to exceed 10 per cent of 



TROTBliKS IN (’OMMFT \TORS \N1) BRXTSHES 


77 


ihe moan value. The pole spacing measured between the f)ol(* 
horns should not differ by more than to ()*04 in. from one 
another. 

Inequalities in the air gaps or in the spacing of the intc-rpoles 
have similar results, and tlic extent of the permissible deviation 
is of the same order as for the main poles It is im])ortant that 
the axes of the interpoles should be as ncarl\ as posvil)le midway 
between the main poles 

(/) Cross Conn E< TORS vnd Bursn Arms uamncj Cneoi al 
Resistanc’ES, Tarnishing and oxidation of contacts on the 
cross connectors Inch <mnect togetJior the brush arms of 
the same ])olarity can j»revent equal (airrent distribution to 
the brush arms, particularly on heav \ current machines and, 
as a result, the brushes of individual arms may spark. Such 
trouble is most ra])idly detected by a (‘lose examination of the 
contact surfaces. Points of high resistance very often shov 
discoloration due to lieating. In this case, it is best to remove 
all connectors and (‘ontact pieces and give them a thorough 
cleaning. 

The current may even be divided unequally among the 
individual brushes or brush groups on the same brush arm if the 
contact resistances are raised for the reasons stated above. 
Leads and brush-gear may also be faulty in construction as 
regards the current carrying contacts. Furthei* details can be 
found in tlie technical literature on this subject.* 

(rn) Deekotive Windinos. Short circuits in the main and 
interpole windings, breakdowns to earth at two or more places 
in a coil, and jioles (‘onnected uith reverse jiolarity all spoil 
the magnetic symmetry and have the same effects as inequalities 
in the air gap. The effects of earths and short circuits are 
described in riiayitcr 11, [)aras. 3 and 5. Lack of magnetic 
symmetry, like unequal brush distribution, fr(‘(juently only 
affects individual arms. The tracing of the primary cause is 
discussed in Chapter VJ, para. 4. 

Winding short circaiits in armatures soon show up by spoiling 
the commutation and by burning the segments connected 
with the defective coils. An armature with badly soldered 
connections can, however, remain in service for a long time 
before the defects become apparent. Often the increase in 
resistance of a soldered joint — ^for example on the commutator 

* W. Heinrich: Dan Bu rotten prohlew itn EUklromufichineitbau (in (Jennun). 
P. Hunter-BroMTi’8 book, Carbon Brushes and Klerfncal Machines 
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leads or, in the case of bar windings, on the connection at the 
back end- -is very small to start with. Only a machine with 
very sensitive commutation will show any appreciable sparking 
at once, but as progressive oxidation of the ftiulty soldered 
])lace continues, th.' symptoms become \\orse, and the segments 
directly connected vith the faulty parts, and also those con- 
nected to the equalizing connections, begin to blacken and the 
sparking increases. If the commutator is cleaned and tlie burnt 
places ground off, the conditions are sometimes so improved 
that the ma(*hine will operate for much longer, although the 
faulty joint will inevitably melt out in time and make further 
service impossible, sin(*e the soldered place will then be almost 
a break in the circuit. When burnt segments are irregularly 
spaced, or else one j)ole or j)ole j)air apart, the cause is })robably 
short circuits in the windings, or faulty soldering. If no melted 
solder can be seen with the naked eye as evidence of melting, 
the fault can be detected by resistance measurements as 
described in Ch ipter II, para. 0 (r). If this is not successful, 
as sometimes happens with \ery badly soldered places, it is 
necessary to resolder all joints near the burnt st'ginents. In 
the case of short circuits in the armature, the site of the short 
circuit is generally quickly found since it causes overheating, 
with the usual consequences. 

Breakdowns to the iron in the armature only influence the 
commutation when they occur at two places and cause a 
section of the winding to be short-circuited. In a two-wire 
earthed supply, one breakdown to the iron is sufficient, and if 
the breakdown is of low^ resistance, then the circulating current 
may cause s])arking. It is obvious that for all commutation 
troubles the armature wdnding insulation must be tested. 

(n) Short CrKcuiiTS between Commutator Segments. 
Short circuits may occur between adjacent segments and also 
between their leads, owing to the collection of carbon dust. 
These short circuits, especially in the case of machines with 
high voltage betwwn segments, may cause single groups of 
segmi uts to flash acT’oss and thus lead to sjiarking. When the 
short circuit has only a low’ resistance, the commutator joints 
may even become unsoldered, and in some circumstances the 
faulty segments can be identffied by the discoloration due to 
heat. In the case of short circuits betw^een the commutator 
segments, additional segments which are two pole pitches 
aw’ay will also be burnt, since they are electrically connected 
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by the equalizing connections. Occasionally commutator seg- 
ment shorts are due to the ingress of acid to the mica insulation 
after soldering the connections with an a(*id flux, to unsuitable 
lubricant applied to the commutator, or to metallic foreign 
matter which has lodged in the mica insulation between the 
segments or in the mi(*a vee-rings. Hu( h troubh\s can prove 
to be very extensive, particularly when the short circuit is 
inside the commutator, w hii h may then have to be dismantled. 
For all external commutator segment shorts the mica must be 
thoroughly scraped with ,1 rotating cutter or a saw until it 
ajipears wdiite. If this L is not cured the trouble, the commu- 
tator must be uiisold(a*d and the insulation between each 
individual segment sepaiately tested with a testing lamj), or 
lictter still, with an insulation lest box. 

7. Unequal Current Distribution. Burning of Brush Leads. 
The brush leads of hcnivy current machines for continuou'* 
service for example, the type used in electro-chemical works 

may suddenly melt away or become heavily oxidized. In 
addition, tlu* brush material may loosen and disintegrate, and 
in bad cases the brush boxes also occasionally melt aw^ay. 
Sometim(‘s s[)arking develojis, but it may happen that all 
this takes ])lace without any s|)arking if the machine is not 
particularly sensitive with regard to commutation and if the 
overload cajiacity of the brushes is large. All the above 
phenomena arc* the result of unecjUtd current distribution, and 
the stages by which the trouble develops arc as follows. One 
brush by cliance takes more current than the others and the 
brush contact resistance falls on account of the negative 
temperature coefficient. This in turn increases the current 
Icmding of the brush, which tends to disintc^grate on cooling 
down. The resistance of the leads is raised by the overheating 
and the brushes and holders are damaged. The reaction of 
different giades of brushes to unecpial current distribution 
varies. Soft carbon brushes arc much more affected than hard 
carbon or cdectro-graphitic, particularly at low^ pressures. Fig. 45 
shows several soft carbon brushes which liave become so 
disintegrated by unecjual current distribution, and the con- 
sequent current overloading, that they have eventually fallen 
to pieces. In this case, the cause of the trouble was too low 
brush pressure combined with the special susc^cptibility of this 
kind of brush to unequal current distribution. Fig. 46 shows 
the destructive effect of unequal current distribution caused 

7— (T.23) 
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by the use of t lie wrong grade of eleetro-graphitie brush. The 
machine, of 400 kW. output running at 100 A’olts and 4 000 
amperes, was of)erating day and night with })ractically no 
attention. The workman in charge of it had fitted unsuitable 
brushes on his own initiative. It can be clearly seen that after 
the burning of the brush tail, the brush box operated as a 
conductor of the current and finally, on account of this heavy 
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current, melted away on the side w4iere the brush rested in 
contact with it. 

The first step to be taken in dealing wdth unequal current 
distribution is to examine all contact surfaces of the bruslies 
and holders. The features to be looked for are oxidation due 
to overheating, faulty copper parts, and melting out of the 
solder from joints. 

The difteren(*e in pressure of the brushes should not exceed 
10 per cent of their average pressure. For soft carbon brushes, 
unequal current distribution cannot be avoided if the pressure 
is allowed to fall below 2*25 lb. per in.-, but electro-graphitic 
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brushes wiJl, of course, oj)erate satisfactorily bcJow this pres- 
sure. By way of experiment the specific loa(ling of the brushes 
of one arm (jaii l)e altered by the addition or subtraction of 
individual brushes. Whil ‘ it is desirable that the same grade 
of brush should be used tor the whole machine, it is absolutely 
necessary for arms of the same ])olarity to have similar bruslies. 

The result of using different grades of brushes on a commu- 
tator is shown in Fig. 47, which illustrates the armature of a 
three-phase commutator motor. The owner in fitting a set 
of 30 brushes had used no less than three different grades. 
Although the brushes on the outer side o])erated fairly satis- 
factorily and lan quietly, the inner row consisting of a variety 
of unsuitable t)rushes tended to chatter. As a result the inner 
brush row was carrying no current and (levelo])ed fractures 
of the brusli tails, the current being collected only by the 
outer brusli row. Abrasion and greath increased friction of 
the brushes without current led to groining on the inner part 
of the commutator, rc.^ulting in a track of varying dejitli over 
the wdiole circumference. In this case, tlie une(|ual current 
distribution did not cause binning of the brush leads, as the 
single row of brushes was adeijuate to collect the current On 
the other hand, tlie unloaded brushes vibrated and IVactured. 
Jn the inner row 75 jier cent of the brushes were broken, but the 
outer row had 95 per cent intact. 

Fig. 48 show\s how irregularities in the manufacture of 
brushes of exactly the same grade and fVom the same su])plior 
are responsible for another kind of brush trouble. One row^ of 
brushes of the thrive phase commutator was from an old stock 
and the other from a re(*ent siqiply. After the ma(*hine had 
been running for a short time the current was being unequally 
distributed and one row of brushes began to bounce, causing 
the other row to collect more current so that its brushes 
continued to run quietly. The almost unloaded row of brushes 
finally vibrated so violently that they broke, especially at the 
places when* the tails were connected. Tn addition, the state 
of polish pi »duced on the two brush tracks was quite different. 
The inne: track which was carrying the current was evenly 
polished with relatively light grooving, while the outer track 
exhibited various areas and degrees of grooving. 

If the trouble is treated early, the far-reaching effects of 
unequal current distribution can be prevented. The commuta- 
tor should be periodically cleaned, with the brushes raised, 
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by rubbing with fine grained pumice stone, emery cloth, or 
glass paper, the two latter being applied on suitably shaped 
wooden pads. UnecjuaJ current distril)ulion due to (‘haltering 
of tlie brushes (*an be stopj)ed by slight greasing ^vith paraffin 
or vaseline. If, how('ver, this expc'dient has to be employed 
too friHiuently, because the 
brushes and commutator 
quickly deteriorate again, 
it is b(\st to (‘haiige the 
briisli gear so as to make 
tlie ])ressures and brush 
contact resistances coiTec't. 




8. Commutator Grooving. 

Tnequal wear of the com- 
mutator is known as {jroov 
in(j. According to the 
appearance the\ are 
variously called fio’rows, 
hair I i ties, palhs oi* I racks, all 
of which arise from difterent 
causes. Wide, w'ell-defiiu'd 
paths aie chi(‘tl\ due to 
unsuitable brush material 
at too liigh ])ressure and 
high commutator speed. 

The effi'ct is tlum like the 
brush surfaces shown in Fig. 

49. Also associated with 
this are hair lines like those 
shown in Fig. 37. 

Light channels whi(*h 
cease to d(Hq)en after reacli- 
ing a (*ertain depth and after 
the (‘ommutator surface lias 
attained a certain degree of 

hardness (*an really be rc^garded more as a lack of iicrfection 
than a trouble. For this reason, one must beware of turning or 
grinding the commutator solely on account of its grooved surface. 
The surface hardening of the copper w Inch has taken place w'hile 
the polish has been forming will be removed, and the com- 
mutator will merely be(‘ome grooved again. New^ channels will 
form exactly as before unless the brush arrangement is altered. 
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The chief cause of grooving is use of the wrong grade of 
brush. Soft car})on bruslics are themselves particularly prone 
to produce grooving on account of their mechanical polishing 
effect; hard carbon or e!. v‘tro-graphitic brushes are less in- 
clined to cause trouble. Metallic brushes score the commutatoi* 
and make considerable channels. Inequalities (*ause(l during 
manufacture will of themselves produce grooving. Other 
causes are bad commutation, wrong loadijig of the brushes, 
wrong brush pressure, mechanically l)a(l running of the com- 
mutator, dust and sand, and abrasive dust left aftcT using 
emery (‘loth, or oil and other lubricating media. The scgmeiit 
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copper occasionally causes channels if it is insulli^'ieiitly hard 
or contains oxides. In addition, the de])osition of lopjier on 
the brush c(mtact surfci(‘es owing to biush vibration or faulty 
commutation has a bad effect. (V)mmutators turned with 
a badly ground tool oi ground with a rough stone tend to form 
grooves sooner than those which have been sulqectcd as little 
as possible to this kind of treatment. (Vimmutators exjiosed 
to an atmosfihcre containing gas or acid sometimes show^ 
increased wear. The sulphui gases of coke ovens which also 
attack the contacts of switchgear, are ])arti(‘ularl\ harmful in 
this respect . 

Discovery of the cause of grooving is the most imjK^rtant 
step t( w‘ar(i.> its elimination. 

9. Excessive Brush Wear. Brush wear depends on the 
machine design and the operating conditions, and general 
rules cannot be given. The extent of brush wear in different 
circumstances can best be judged from actual examples. 
Electro -graphitic bruslies on a 2 500 kW. machine in a chemical 
works, operating day and night, at a current density of 48 A. 
per in.- and a commutator sjjeed of 5 700 ft. per min., were 
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subject to an average rate of wear of 0.157 in. per 1 000 hours 
running. On ci.e. nia(‘hines of smaller output, up to about 
100 kW., with eurrent densities of 25 to 50 A. ])er in.“ and 
commutator speeds up to about 4 000 ft. per min., electro- 
graphitic and soft carbon brushes wore down between 0 020 in. 
and 0-08 in. per 1 000 hours running Metallic dust or sand 
lodging on the contact surfaces will naturally in(*rease the wear. 
Heavy s})arking due to l)ad conmiutation, current surges 
followed by streamers, short circuits, rough surface of the 
commutator from too frecpient application of emery cloth, 
oil. grease and other lubricants all liave a similar effect 

Soft carbon brushes as a rule wear less than electro-gra[)hitic 
brushes but are not so well suited for all pur|)oses. 

10. Overheating of the Commutator. The commutator losses 
whi('h make themselves evident b\ the heating they cause are 
due to bl ush friction and contact drop. Their proportion to the 
total loss depends on the commutator speed, the state of the 
commutator suriace and on the kind of brush used. If a 
commutatoi* overheats according to H.S S. 1()8, 45" C rise is 
permissible for industrial machines —either one or both of these 
losses may be increased, particularly if the friction and contact 
drop have an unfavourable joint effect. As the {lolish forms 
on the commutator, the contact losses generally increase 
wdiile the friction losses decrease. Re(‘ently -ground commu- 
tators have on the other hand less contact loss and more 
friction loss. Excess! v(‘ commutator heating may also be 
caused by other troubles such as tarnishing and oxidation 
of the commutator contact surface — the latter may be due 
to the ingress of gases, as in a chemical works — bad com- 
mutation, rough commutator surtace, too great brush ])ressure, 
or use of the wrong grade of brush. When the wrong brush 
grade is used the contact drop, and consequently the heating, 
may become excessive. The contact drop de'pends on many 
factors, current density and direction of current, condition of 
both contact surfa(*es, speed and brush pressure, as well as the 
general running conditions. Soft carbon and electro-graphitic 
brushes have a brush contact drop of between 1 and 2 volts, 
hard carbon lirushes have even higher brush contact voltage. 
Metallic brushes have, according to their composition, a drop 
of from 0-3 to 0*0 volt. Pig. 50 shows the brush contact voltage 
when a machine was first put into operation and after it had 
been working for some time. Tlie tendency of the polishing to 
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increase this voltage is quite noticeable. It is well known that 
the brush friction losses for hard carl)on brushes, and to some 
extent for electro-graphitic brushes, also increase appreciably 
if the machine is running at or near no-load. Overheating of 
the commutator can therefore occur solely from no-load 
running, particularly when the brush friction losses constitute 
the main portion of the commutator losses as may be the case 
with high speed machines. 

Troubles due to ventilation as detailed in Ohaf)ter I, para. 
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b (c) and 6 {(I) may also be responsible for excessive tempera- 
tures. When overheating occurs the tirst step is to examine 
the commutator and brush contact surfaces and to endeavour 
to find a suitable remedy according to theii* condition by 
experimenting w ith other brush gratles. For example, a number 
of brushes of each polarity can be removed, an ex])edient 
which may jnove successful where the friction losses exceed 
the brush ( ontact losses. 

11. Short Circuits and Plash-overs, In or der to render short 
circuits as harmless as possible to the commutator, an effective 
protective circuit must be incorporated in the installation. 
For this, high-speed circuit-breakers are desirable which cut 
out a short circuit in the minimum possible time, and preferably 
before the (*uiTents have i‘eaehed abnormal values. Where 
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such short circuits are liable to occur, it is essential to use those 
brush grades which can withstand the very high momentary 
overloads without emitting quantities of glowing carbon 
particles and thus aggravating the effects. Electro-gra})hitic 
brushes are particularly suitable and soft caibon brushes with 
increased resistance slightly less so. When spaiking occurs, 
brushes that are too soft an* quickly worn away against the 
commutator surface, which is pitted by the arcing in much the 
same way as if a file had been applied to it. The carbon dust 
produced causes a serious danger of llashover between brush 
arms. If suitable iirushes are provided a machine can generally 
withstand a short circuit with very little sparking and without 
serious consequences, but if the brushes are wrong, trouble 
may ensue. 

In addition, short circuits between the segments may cause 
sparking because of the collecting of carbon dust. This occurs 
as a result of using unsuitable brushes, insufficient cleaning 
of the grooves between the segments after bedding in the 
brushes, or after the commutator has been reground or ])()lished 
with emery cloth. Machines with high segment voltage are 
naturally most affected as regards this. Therefore, after grind- 
ing the brushes or using emery cloth, the commutator should 
always be thoroughly cleantHl by dry compressed air, and by 
undercutting the mica. Electro-graph it ic brushes should ahvays 
be chosen for machines with high segment voltage since they 
are less inclined to fractures or disintegration on overload than 
soft carbon brushes. 

12. Maintenance and Repair of Commutators. Except for 
the regular removal of dust and dirt, and the cleaning of the 
grooves between the segments, no further attention to the 
commutator is necessary if suitable brushes are fitted. In a 
few^ cases, for example, machines of which the brushes tend to 
chatter owing to jxuiodical no-load junning, the commutator 
may be rubbed over with a dry rag or one w ith a small quantity 
of paraffin or vaseline. Lubricating substan(*es should be 
sparingly and cautiously applied to the (*omniutator, and many 
recommended lubricants for commutators contain quite useless 
ingredients. Bad commutation is frequently caused by these 
materials, since the commutators acquire a hard surface skin 
due to the residue of the grease settling on to the commutator 
contact surface and predisposing the brushes to vibration. 
Frequent use of emery is unnecessary except for the purpose 
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of removing burnt copper or carbon, due to sparking or short- 
circuiting, ()]• for cleaning surfaces oxidized by gases. When 
the machine is running properly with suitable brushes, the 
appearance of the polished surface varies between reddish 
brown and dark red, although with special gracles of brush a 
commutator may be running satisfactorily and still appear 
black. 

When there are only small groups ol high segments or flats, 
the grinding can be done with a hand stone. Jf, however. 
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the oommutator is so distorted that the vibration of the bruslies 
spoils the commutation it must be le-turned or ground. It can 
be re-turncfl either iii its own Ijearing.s or in a iatlic. In the 
first case, i well-mounted tool holdei- is necessary, and with 
undercut mica a maximum cutting speed of 200 ft. per min 
should be used. On a good lathe a speed of 300 ft. per rain may 
be used, but with flush mica only about 100 ft. per min. Not 
more than 0-004 in. per revolution should be removed. Good 
quality hard carbon tool steel aliould be used. 

For grinding, either a revolving grindstone or a grindinc 
apparatus with a fixed stone may be employed. Fig. 61 shows 
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such a grinding set, as patented by Norrel, with an adjustable 
grindstone. Machines up to a!)out 200 volts normal voltage 
can be ground under voUage with tins apparatus. The grinding 
speed should be between 1 200 and 4 000 ft. per min. 

Afterwards the grooves between the segments should be 
undercut with a suitable saw to bring the mica to the proper 
depth. The mica should not af)])ear as in Fig. .52 ((/), with 
sloping edges. Fig. 52 (5) sliow\s the work })roperly carried out. 
The sides of the copper segments should afterw^ards l)e rubbed 
over lightly with a triangular file or scraf)er, and the whole 
surface repolished with a suitably shaf)ed emery block or 
fine-grained pumice stone. All (*oj)])er dust on the contact 
surfaces must then be care- 
fully removed witli a rag in 
order that the copper 
particles may not become 
em})edded in the brush con- 
tact surfaces. Finally, the 
ventilating ducts located at 
the side of the running sur- Fig. 52, 

faces in many commutators I'ndkim'i ttin(. oi- (^ommi i \toh Mk a 
must be cai*efully cleaned 

with benzine and if nece\ssarv relacquered. This cleaning ])re- 
vents the short circuits between segments and commutator 
necks, which (juite often occur on freshly ground commutators. 
The ingress of turnings and copper dust between the winding 
[)arts should be prevented by proper screening of the commu- 
tator necks with ])aper or cloth. 

Before turning, the ])ressure bolts of the commutator bush 
should be tested for tightness. Further tightening -of the 
commutator, however, must only be carried out when there 
are loose bolts : excessive force must not be used or the segments 
would merely become displaced. 

18. Mounting of the Brushes. The brush holders must be 
mounted as for slip-rings, i.e. they must be w ell fitted and the 
brushes must have the clearances indicated in Chapter IV, 
para. 9. If the entire breadth of the commutator is not occupied 
with brushes, they must be arranged as in Fig. 53 (5) so that 
the whole cornniutator face is ecpially used and tracking 
avoided. 

The bedding in of the brushes is described in Chapter 1\', 
para. 9. At the same time that the bedding and cleaning of 
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the brushes and holders takes place, the brushes must be run 
in on their contact surface. Machines Avitli soft carbon brushes 
can be put on full load more (juickly than can machines with 
electro^graphitic brushes since their contact surfaces become 
run in more rapidly. The latter must first be run on half load, 
and not until they have run for a few hours should they be 
subjected to lull load. Many failures of electro-graphitic 

brushes can be traced to 
carelessness when lirst 
setting the machine in 
o])eration. 

14. A.C. Commutator 
Motors. Most of the 
troubles a I r e a d y 
described also occur on 
a.c commutator jnotors. 
A s})ecial feature of 1 hese 

Bin sii DisTiuHi Tlo^ ON Comm I tvpoks o t o i s is t h e 1 ) a (1 

influence of liarnionics on 
the commutation ; and on account of the transfoinier voltage, 
which is injected from the main rield into the coils undergoing 
commutation, only narrow hard carbon or electro-graphitic 
brushes can be used. Narrow brushes are, however, not con- 
ducive to (juiet running, and the choice of the right ])rush 
grade is diflicult On the other hand, commutators wdth 
suitable brushes will stand a much greater degree ol sj)arking 
from alternating current than is the case with direct current. 
It is outside the sco[)e of this work to describe all the different 
types of a.c. commutator motors and their commutation 
troubles. When serious difficulties arise, it is best to refer to 
the supplier of the machine. 
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(CHAPTER VI 

VIBRATION 

ViBKA'jMON of t‘1ec*trical machinery can either arise in the 
machine itself or be caused by driving oi* drivcm machinery, 
or the intervening transmission gear. Examples are the trans- 
ference of vibration from turbines to generators in hydraulic 
and steam turbine sets, I he reactions of the drivem machines 
in heavy industry, such as occurs to the driving motors of 
rolling mills, stone crushers, etc., troubles due to transmission 
gear, unsuitable or badly fitted cou])lings badly aligned gears, 
pulley, rope and chain drives. The determination ol the (*ause 
of the trouble in all these cases is difficult and it is usuall> 
necessary to isolate the machine and test it by itself. If, how- 
ever, the machine^ is a se])arate unit for example, a rotary 
converter or phase (‘onverter the testing is simpler. 

The real causes of the vibrations of a machine can be of 
different kinds but errors in balancing, and lack of magnetic 
symmetry as a result of v hiding defects, are the most common. 

In this connection it must be noted that for single-jihase 
generators vibrations due to the ])ulsating torque (*annot be 
reduced below a certain value. The jirojier construction of the 
bedplate is the factor having most effect on the anqditude of 
the vibrations. The vibrations may increase in course of time, 
and in such cases the bedplate should first of all be examined 
for fractures and loosening. 

The erection and bolting down play an important })art as 
regards vibration with other machines, and frequently relatively 
small vibrations of badly installed machines can affect the 
surrounding structures and apparatus very seriously. In order 
to minimize this transfer of vibrations to neighbouring build- 
ings, which is often ne(*ossary in residential areas, the machines 
can be ‘'insulated*’ by suitable foundations from the other 
buildings. For this purpose, and also for acoustic insulation, 
vaiious materials and types of construction have been evolved 
by firms specializing in this work. 

1. Types of Out-of-balance. All rotating parts of a body 
with mass m, have a centrifugal force acting iq)on them. This 
may be calculated from the equation P — m {v^jr) lb., in which 
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w Weight in lb. 

f7 32*2 ft. per see. per see.’ 

/• - (listaiiee in ft. of the centre of gravity of the ])ari of tiie 
body under eo.i-iideration from the axis of rotation. 

V rotational sfieed in ft. per see. of the centre of gravity 
of the part. 

We will consider a thin, compJetely round, steel disc which 
rotates round an axis ])assiiig through its geometrical centre, 
which is at the same time its centre of gravity. The centrifugal 
forces occurring are ecjual in every direction so that no dis- 
turbing force acts on the disc whicJi could dis 
place it in any other direction. Only internal 
forces occur and str(\sses in the material arc* 
caus(*d which aflect the structure of the disc 
(Fig. 54). If the rotating disc is sup])orted 
with two hliaft ends during the rotation, e\ce])t 
lor the frictional re.'iistance of the shaft ends 
in the bearings, tlu'rc is only the action of 
gravity, that is, the weight of the disc in a 
j)crpendieular direction on the under part ol 
the bearing. Furthermore, this weight is 
e(|ually shared between the two bearings so 
that no sidewavs force will occur. 

If now an additional weight is placed on the 
circumference of thuN disc or, as a r(*sult of inecjualit ies in the 
material, its own w^‘ight is unecjjually distributed, and the disc is 
set in rotation, the centrifugal forces w ill no longer be balanced. 
The centrifugal forc'c will predominate in the direction of the 
applied weight and have the effect of making a foice rotating 
at the same speed as the disc act on it. When the additiomd 
weight is wholly above the centre line during rotation its 
effect is to lessen the disc weight by its centrifugal force ; w hen 
it is below, this is iiuTcased and there occurs in the bearings 
an additional pressure of the shaft towards the underside. 
When the additional weight is at the sides corresponding 
fiidew^a>s for(*es occui* (Fig. 55). I^hese forces, changing in 
direction with the rotation, are the cause of the oscillations or 
vibrations of rotating machine parts. 

The same effect as that wdiich is produced by the additional 
w'eight on the disc is also produced when tlie disc does not run 
true, that is. when its centre of gravity S does not coincide 
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with its axis of rotation 1), as shown in Fig. 5(5. This can occur 
with machines which, when in o])eration, have the rotor wind- 
ing (lispla(* 0 (l to one side or in which the rotor })anding -or in 
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the case of turbo machines, the rotor end caps becomes loo.se 
and causes irregular running. The same effect occurs with 
(‘ommutators which have become unsymnietrical due to un- 
equal wear. With a considerable out-ol‘-balance or very high 
speed, it may hap])en that 
the (‘cntrifugal force 
exceeds the force due to 
gravity and so much 
exceeds it that the shaft 
ends knock against the to]) 
half of the bearing. 

If two ecpially large, 
completely round and 
equally thick discs having 
centres of gravity coincid- 
ing with the axis of a shaft 
on which they are placed 
are set in rotation, the 
centrifugal forces, just as 
in the (*ase of a single disc, can(*el one another and the 
combined rotating body will run on its shaft w ithout vibration 
as in Fig. 57. 

If on each disc is now^ fixed an equally heavy additional 
w^eight so that their connecting line A lies exactly parallel with 
the shaft axis, then during rotation the composite body has a 
tendency to revolve round the axis of the centres of gravity S, 
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which is in this case parallel to the axis of rotation and in a 
fixed relationship to it (Fig. 58). This type of out-of-balance 
is called an error in static balance because the error, as in the 
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case of a single disc, can 
be determined and cured 
statically, that is, without 
continual rotating. (See 
Chapter VI, para 3.) 

If the weight on one of 
the discs is displaced 180® 
but fixed in the same 
relation to the axis of 
rotation, tlie static effect 
of the tw'o weights is 
exerted in o])])osition, so 
that tiu' bixly is still in 
static eciuilibrium as 
regards tlie axis of rota- 


tion. If this body rotates, 


each disc will endeavour to turn round its own centre of gravity 
(Fig. 59) which is no longer on the axis of rotation. The line 
connecting the tw^o weights is now' inclined relative to the axis 
of rotation and. when 


allowed to turn freely, 
describes a double cone, as 
shown in Fig. 59. 

If this body ruiirt in tw (» 
bearings, the vertical or 
horizontal prf'ssuie on the 
bearings changes w ith each 
new position it takes up. 
At the same time, the j)res- 
surc on the first bearing 



in creases si mu 1 tai leo usly 
wdth a de(;rease in the 
second oue, and vice versa. 
This variation of pressure 
in the bearings w ith rota- 


Fiu. ,59. Dynamic Oi t-o f-b a l an c k 
(\acskd by Two Eqi al Additional 
\\ei(;hts in Opfositf Positions on a 
Stkaiojit Line A Ccttino the Axis of 
Rotation 


tion causes vibrations and the Iwdy is dynamically md)alanced. 
It is called dynamic because it first becomes apparent when the 
body is maintained in continuous motion. 

The rotor of an electrical machine can be regarded as a 
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shaft having fixed upon it a series of discs of wliicii each has a 
fixed balancing error in some direction. It is thus usually a 
cylindrical body which has a static and a dynamic out-of- 
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balance. The longei* a cylindrical body is, tlie more disturbance 
will errors in both static and dynamic balan(*e ])Toduce (Fig.- 
60 ). With a narrow rotating held as in Fig. (U, the cure of 
static out-of-balance is of sufficient 
importaiK’e. The effects produced 
by different balancing errors are 
also obviously dependent on the 
speed. 

2. Causes of Out-of-balance. 

(a) lNAl)EQrT\TE Baeancino. 

During the construction of a rotat- 
ing part of a machine, particularly 
when this part is not machined all 
over, unequal distributions of the 
weight exist as a result of irregular- 
ities either in the material or con- 
struction, which cause out-of- 
balance. In order to ensure that 
such parts shall run without 
vibration, this unequal weight 
distribution must be corrected, kotatini. Fikld of 

either by the addition of w eights \ Low Sfeed Kotou, a 'Lype 
or by the removal of material from wmca the Dvnamk Oot- 

the overloaded side, until a precise Effect 

balance is achieved in that the 

centre of gravity c*oincides with the axis of rotation. All 
rotating parts such as rotors, couplings and pulleys must be 
balanced. According to the type and speed of the machine 
parts, they must be either statically or dynamically balanced. 
'Dynamic balancing is particularly necessary for high speed, 
axially long machines. 

8-(T.23) 
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Balancing is normally carried out in the factory of the manu- 
facturer, and according to the balancing process used and the 
degree of precision of the ancillary apparatus, the balance will 
be either so perfect that the machine runs without vibration, 
or there uill still remain an error and the freedom of the 
machine from vibration uill be improbable. 

Most manulacturers of electrical machines j)osscss the 
necessary equipment, and take particular care to ensure that 
their product is balanced so that the amount of error is small 
enough to be negligible and the machine runs without vibration. 

During the time a machine is in service, however, new 
causes of balancing trouble may arise, and the most important 

of these are described in 
the follow ing paragraphs. 

(h) Bent or Untrue 
SuAiT. When testing for 
the causes of vibration, 
one of the first steps is 
to ensure that the shaft 
is perfectly true and 
straight , and that the 
bearings aie properly 
aligned. Jt is always 
necessary to do tliis before attempting to deal with the actual 
balancing. Untrue shaft ends must be “trued up ’ in a latlie. 
For this puri)ose, at the outset, a i)erfectly true portion of the 
shaft must be fixed in the headstoek, and afterwards the shaft 
ends can l)e ground or lightly turned to make them perfectly 
tme. For liigh-speed machines, and turbo-machines, the per- 
missible eccentricity of the shaft ends must not exceed a half- 
thousandth to one -thousandth of an inch, according to the 
diameter of the shaft. Bent shafts can be straightened as shown 
in Fig. b2 by treatment wu’th a specially hardened and shaped 
tool. Due to the stressing of the layers of the material at the 
place where it is pressed, the shaft ends can be bent back into 
the position indicated by the dotted lines. The same effect can 
also be acdiiev ed w ithout the use of such a tool if the shaft is 
quickly heated to a good heat with an oxy-acetylene flame at 
the place to be bent. The shaft ends must, in this case, be 
bent farther than necessary to allow for the cooling which wdll 
then bring them back into the required straight line. 

(c) Dlsplacei> Windings. A displacement of the winding 



Fk. ()2 Mktiioi) of Strak.h roMNi. a 
Shaft F\i> 



VIBRATION 


97 


in the case of a high-speed machine having a wound rotor is 
often first apparent when the nuiehine is put on full load. It 
produces lack of balance. Winding displacements can only 
be cured by removal of the rotor banding, re-pressing of the 
winding and the fitting of a stronger band. If a winding 
displacement does not become progressively woise, the out- 
of-balance can be corrected by re-balancing. Loose field- 
magnet coils of rotating fields are best fixed by driving in 
wedges of insulation material. How and where this can be 
done depemds entirely on the construction. Subsequent 
balancing is in any (*ase to l)e recommended. 

(d) Loose Rotor Parts. Instances of parts which are not 
securely fixed, or which become loose on the shaft, such as 
rotating fields, juilleys, commutator bushes, spiders, etc., 
seldom occur. Such cases usually be(‘ome apparent wdien the 
machine is operating at low speed, due to knocking or squeak- 
ing. Very often thcvsc characteristics (*an only be detected by 
listening to the bearing with a piece ol metal, a key or rod for 
example, of which one end is held to the bearing and the other 
to the ear. 

If it is feared tliat a part fixed on the shaft has become 
loose, but no play can be measured wdth a micrometer, to pour 
some paraffin on the sus])ccted part while the rotor is rotating 
quite slowly will often confirm the existence of the trouble, as 
paraffin will be squeezed out by air pressure set up. From 
this it may be concluded that loosening of the parts concerned 
has taken place, particularly when ])owdered rust is also forced 
out, since this is always found if loose parts are rubbing dry 
against one another, its occurrence in connection with fixed 
parts, therefore, always means trouble, and if such trouble is 
not noticed early the surfaces are in time liable to be completely 
ruined. Fig. 03 show^s a shaft which has become seriously 
damaged through too loose a fit of tl)e pulley. 

Loose parts can be fixed again cither by pressing on shrink 
rings (i.e. over the hubs) or by fixing a clamp screw or by 
improved keyw^aying. In some cases it is impossible to avoid 
removal of the loose ])arts, bushing them and reassembling 
either with a smaller bore or larger diameter of the seating. In 
many cases, electrical welding in bores or on seatings, and the 
subsequent turning of the welded place, will enable the desired 
tight fit to be obtained. 

8. The Cure of Balancing Troubles, (a) Balancing in 
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Separate Bearincjs. For tracing and curing balancing 
errors, it is necessary to mount the rotating body so that 
freedom of movement is possible and so that some device 
absorbs to a certain ('xtent the forces occurring as a result of 
the out-of-balance. Koton^, however, are normally so held in 
their bearings that no very great movement is possible, but 
the deflection oi‘ the rotor shaft caused by the out-of-balance 
is easily n()ticeal)le. For the ])urpose of this test, tlie bearings 
belonging to tlie ma(‘hine, or else specially-made balancing 
bearings, are laid on a foundation which ])crniits a horizontal 
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movement of the bearings at right angles to the axis of rotation, 
and arc provided with some form of spring return. The 
simplest and thei-elbre the most practicable foundation consists 
of good elastic rubber pads. The spring return is in this case 
provided by the natural elasticity of the rubber (Fig. 64). 

If the macliine of wdiich the rotor is to be balanced has 
plummer block bearings as in Fig. (>5, the rubber blocks can 
be arranged as sliown in this illustration. If tliere are not 
plummcT* block bearings, that is, wlien the macdiine has end 
shield bearings, the rotor wdth special balancing bearings must 
be set on a hard-wood base. The support should be suitably 
hollowed out as in Fig. 66 for the rece])tion of grease or oil. 
With split bearing housings, the under housing alone can be 
used and is, of course, easily prevented from rotating (Fig. 67). 

Since balancing can be carried out at comparatively low 
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speeds, the hibrication of the shaft ends by means of an oil- 
can suffices. In this connection, it should be noted that both 
shaft ends must be equally lubricated, and gravity feed oil 
lubrication can be used for this purpose. 



Flattened Rubber 
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'I'he simplest method is io drive the rotor with a b(‘lt of 
the same width as, and laid over, the rotor iron. The best type 
of belt is an (‘lulless camel-hair one which can be run slack. 




Mounting for Kotor w ith 
Non-split Bp:aring Hit.sii on 
a Hardwood Base 


Mounti\(, of a Rotor in its 
Lowek Halk-i$i:\rin(i Shell 
ON V Hardwood Base 


]-<ikewLse a rotating field can be driven by a l)elt running on 
the poles. The driving motor must be reversible. To determine 
the position and size of the balancing error, the shaft in the 
neighbourhood of the bearing should be marked on an accur- 
ately machined part with a coloured pencil. For this purpose, 
supports of wood or iron which will hold a pencil and give 
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marks which are visible are useful. During the starting up or 
braking of the rotor, the bearing housings must be held fast 
by wedges. After the attainment of a suitable spciod, the belt 
is loosened and the wedges withdrawn so tliat the rotor can 
move freely. 

Successful balancing can only be attained when the shaft 
ends run true and there is no forced movement of the bearing 
blocks. A shaft or shaft end which is not running true must be 
straiglitcned or turned before attempting the actual balancing 
operation. Testing for true running can easily be done witli the 
balancing arrangement described, with steady slow' rotation 
of the rotor and witli a perfectly loose and steady belt. The 
movement of the bearing pedestals or tlie s(|iieezing out of tlie 
oil film between siiaft ends and bearings can be visually ob- 
served. A spirit level placed on the bearing pedestal will also 
show any movement ot‘ these, caused by the shaft ends being 
out of truth. This is assuming that the actual error in balance 
is not particularly large and does not cause the bearing shell 
to move wdieii the rotation is quite slow . 

The ease of movement of the whole arrangement lor pro- 
ducing vibrations can be varied at will to suit different con- 
ditions by inserting a few rubber plates of different tliicknesses 
and different degrees of elasticity. By ])ushing the rotor to 
and fro in the direction of its axis it can be decided if the base 
is sufficiently elastic. 

If the liearing parts arc not too firmly w^edged and the 
driving belt is not too tight, as the rotor speed increases, vibra- 
tions of greater or less degree wull occur at a certain speed 
according to the magnitude of tlie balaiudug error. If the speed 
is still further increased, the vibrations will also increase in 
magnitude. If the driving motor is now shut down, the belt 
loosened and the wedges removed, the rotor can vibrate freely. 
The vibrations during the running down of the motor will 
reach their greatest amplitude at a certain speed, knowm as 
the critical fipeerl . It will be noticed that the nature of the 
vibrations is Mich that the rotor with its axis remaining 
parallel swings to and fro. This oscillation is knowui as static 
critical inbration. 

If the driving speed is raised still further, as in the previous 
experiment, the rotor will again vibrate at about twice the 
first critical speed, and the shaft axis describe a ‘'figure of 8’’ 
as in Tig. 59. This is dynamic critical vibration. Whether the 
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static or dynamic critical vibration is more marked depends 
on the magnitude and kind of the balancing eiror as well as 
the shape of rotor. To determine the magnitude and posi- 
tion of the out-of-balancc and therefore the size and position 
of the balancing weight to be applied, the metliod is to allow 
the rotor to rock ba(*k wards and forwards a1 the critical 
speed, marking the shaft with a coloured pencil It must be 
noticed in this connection that the greatest dehectioii of the 
shaft as regards both time and position lags beliind the point 
at whicli the unbalanced force is exerteil. 1'he pencil mark 
is thus always beliind the position of the unbalanced weight 
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relative to the direction of rotation, and on this account the 
proper place for the balancing weight is always liehind the 
pencil mark. 

The explanation of this important phenomenon in lialancing 
is that tiie force acting on the unbalanced rotor as in Fig. 68 
(a), (h) and (r) does not, on accouni ol* the rotor inertia, move 
the latter instantaneously. The disturbing toree acting as a 
result of the rotor out-of-baJanee exerts itself after a certain 
interval depending on the rotor weiglit and the elasticity of the 
foundation. When the rotor has attained its greatest deflection 
and, at the same time, the pencil has marked the shaft, the 
jiosition of the unbalanc'cd w^cight has already turned further 
round tlirough an angle a, which is dependent on the speed. 
Tliis angle between the position of the unbalanced weight and 
the middle of the shaft mark is sometliing between O'" and 180° 
according to the speed when the mark was made. When work- 
ing at the critical speed, the marks on the shaft are very short, 
but either over or under this speed, they are rather longer. 
This applies equally to the static and dynamic critical speed. 
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Theoretically, the angle between the unbalanced weight 
and the mark should be about 90° whether for static or dynamic 
critical speed, always supposing that the balancing error on 
the rotor is either f)urely static or purely dynamic. In practice, 
the rotor to be balanced lias usually both kinds of fault, and 
the static resonance (*an be spoilt by the i)rcsence of the dynamic 
balancing erroi’, which has not at that stage been taken into 
ac(*ount. For this reason then, even uhen marking the shaft 
during the greatest vibrations, the angle a differs appreciably 
from 90^'. Tliis is discussed in more detail below, and illus- 
trated in Fig. 08 (b) and (r). 

The first balancing operation is to cure the static out-of- 
balance. For this purpose the static resonance is used which 
appears (wen with (juite a small balancing error. The pencil 
marks are made on the shaft at each encl, or on otlier parts 
which are close to the bearings and rotate as nearly true as 
possible. This should be done for each direction of rotation 
and using different colouied pencils in each case, e.g. red and 
blue. The pencils must be firmly fixed on the points of su})port 
and during the marking rotated slowly on their axes so that 
new ])arts of the lead come into contact with the shaft. The 
marking must take place as quickly as possible so that the 
speed does not drop appreciably during the operation. If a 
hand tachometer is available, the speed at the greatest deflec- 
tion is measured and noted. When the marking for one direc- 
tion of rotation has been done, the rotor is brought to lest and 
set in motion in the opposite direction at the same speed, and 
when the belt has been loosened, marked with the other coloured 
pencil somewhat to the side of the first set of marks. If no 
tachometer is available to control the speed, it is necessary to 
make a mark at a point of deflection at least as great as any 
recorded for the other rotation. It may happen that the rod 
and blue marks occur at identical points, as shown in Fig. 
69 (r). In this case a higher or low^er speed must be chosen for 
the marking so that the marks appear farther apart. When the 
speed at whi( h static resonance occurs has once been fixed 
either by marking l)oth shaft ends or by observing the vibra- 
tions of the rotor, it is sufticient afterw^ards to mark only one 
end of the rotor either at the same speed or at the speed of 
maximum deflection. 

The general rule for curing out-of-balance is to place the 
balancing weight opposite to a point midway between the 
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two marks (red and blue) corresponding to the two different 
directions of rotation. (See Fig. 69 (a) and (6).) 

To cure the static out-of-balance, equal weights must be 
applied at each end of the rotor as in Fig. 70, if the places where 



Fk;. 69. Fixing the Position eor the Palancing Weight 
{ a ) aiid ( h ) sliow points bctwron thi* lod and blm* marks. 

( r ) Case whore the position is not defined as inaiks aie too near. 


they are fixed are at tlie same radius from the centre line of the 
sliaft. If, Jiowever, tliey are at different radii, tlie weights 
must be chosen in inverse ratio to the radius, tliat is, the largest 



Fig. 70. 

Static Balancing by Means of 
Two Fqual Balancing W Eroirrs 
AT THE Same Distanc'E r kkom 
the .Axis 



Static Balanitng b^ Means of 
T wo UNEgi AL Balancing Weights 
Placed at Diffehevt Distances 
FROM THE Axis, hf and r 


weight must be on the smallest radius, and vice versa, as in 
Fig. 71. 

The size of the weight has to be determined by repeated 
experiment, and use made of tlie fact that the resonance 
vibrations alter with different weights and that the marks are 
shorter or longer or show by their change of position an excess 
balance weight. As long as the marks remain short and appear 
always on the same place a still larger equalizing weight is 
necessary, but when the marks are long and change their 
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position appreciably only a small further correction of the 
weight should be made. 

The correction of the static ()ut-of-balaii(*e does not need to 
be completed before start big the correction for tlie dynamic 
balancing erroi. For this purpose the speed can be raised 
without danger to twice the static resonance speed. When after 
this the typi(*al resonance vibrations of a dynamic balancing 
error occur on the rotor, further pencil marks must be made 
and the operation repeated for the ojijiosite direction of rota- 
tion. The marks will now appear on both ends of the rotor on 
opposite sides. The dynamic out-of-balaiice must be lernoNed 
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according to the same rules as the static out-of-balance. In 
order not to alter the static balancing by the new additional 
weights, eijually large weights, but on opjiosite sides, must be 
fastened on each end, assuming that the plac(*s where they are 
fixed are at equal radii. Jf this is not the case, weights must be 
^ chosen inversely proportional to their radii. After the dynamic 
out-of-balance is corrected as far as possible, a furtlier small 
correction of the static balance is usually necessary, and 
finally, an improvement of the dynamic balance. 

If, as a result of the balancing, different weights are ])laccd 
on several places in the same plane wdth the same relation to 
the axis, these can be added together geometrically as shown 
in Fig. 72 by means of the parallelogram of forces. A single 
large weight which is not easy to fix on the place indicated by 
the balancing can, by the same method, be replaced by smaller 
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weights in the same plane and at tlie same distance from the 
axis, in positions where they can be more easily fixed (Fig. 73). 

Small wheels and discs and also small rotating fields which, 
to start with, arc quite symmetrically machined and made of 
material as homogeneous as possible can Ix^ statically balanced 
according to a well-known method, in which, xs shown in 
Fig. 74, the shaft ends of e(|ual diameter are pla(*ed on exactly 
horizontal smooth ])Iaiies and allowed to roll. After a few 
swings to and fro a position ofrest is found at w hich the heaviest 
part lies at the bottom, and is duly marked. The disc is now 
turned round 90' so that the heaviest part lies exactly at the 
side. In order to test if the place 
first found is actually the position 
of the excess weight, the body is 
once more allowed to roll and it is 
observed wliether it still comes to 
rest in the same })osition. If this is 
the case, it is again turned round 
90° and the size of tlie equalizing 
weight is a])proximately estimated 
by holding the disc with the hand 
and slightly moving it. The weight 
of size so estimated is then fixed on 
the o])p()site side from the mark, 
and the whole process re])eated until the disc will nMuain 
stationary in any position. On account of the friction on the 
bars on which the shaft is moving, this kind of balancing 
cannot be so accurate as when the critical sj)eed method is 
employed. 

Equalizing wanghts can be of the follow ing kinds and may 
be fixed in various ways — 

Bolted on weight , radially or axially screwed into the rotor. 

Ring pieces, fixed in grooves. 

Double ring segments dovetailed into grooves and tightened 
with suitable screw^s (Fig. 75). 

Tin solder laid on the armature or rotor bands, in which case 
the safe permissible stress on the banding due to the centrifugal 
force exerted on the solder, must not be exceeded and care 
must be taken that the thickened part of the banding is not 
rubbing on the stator winding. 

Lead melted and run into specially constructed channels in 
the rotor. 
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Spring-rings (Fig. 76) ; tlie ()])en part of tlie ring lying 
opposite the place wliero tlie balancing weight ivS to be fixed. 

The balancing weights must be very firmly fixed ; in par- 
ticular they must be designed for the centrifugal forces. At 



the same time the weights of the fixing bolts themselves must 
be included, and it is important to loch tlu'sc. 

The curves in Fig. 77 can be used lor the afiproximate 
determination of the centrifugal forces which act ou the balance 
centrifugal forces acting on a fixed balaiu-e 
weight with a gi\en s])ecd and fixed radius of 
gyration can be taken Irom it and are stated as 
a multiple of the applied weight (n . 12 000 

times). 

Example. The centrifugal force acts on a 
weight which is 12 in distant irom the axis 
of rotation at ‘1 000 r ]).ni. with 3 laO times the 
value oi the weight. A weight ol 0-7 oz. there- 
fore has a centrifugal force acting on it amount- 
ing to 0-70 > .‘1 150 2 200 oz , 140 lb. 

For commercial balancing that is, balancing 
as carried out in motor factories special 
balancing machines have been develo])ed which, 
however, are not usually available to the ordinary user of 
motors On this account the simplest process and the one 
requiring the least accessories has lieen described It is quite 
obvious that an experienced workman who is continually 
occupied on balancing can balance a machine in a shorter time 
than one only occasionally having to do the job. 

An even simpler method of balancing is to balance the rotor 
in the first place on one side only by clamping the one bearing 
and only allowing the remaining bearing free play on its 


weights. The 

Position of 
Balance Weight 



^^Cutaway 

Portion 


Fici 76 vSi»HiN(, 
Ring Halancg 
Wkkjii r 


VIBRATION 


107 



Ik 77 V ALi 1 ()i Tin (ini kih ( \i I oiu h A( iin( on Hal an( i 
\\ l K II IS A( t OKDIM lO Si 1 I 1) I \1 UI SS1< I) IN Ml T l II I i s 
UI III! Wuciiis 

(/ Inni tirri in It Is iib \h\ biliiuc 

elastic base Aftei one end has been balanced in accordance 
with the lules given here the other bearing is clamped and the 
previously fixed bearing left free to allow the othei end of the 
rotor to he balanced The accuracy of this method depends on 
the amount of bearing play Foi instance when this is large^ 
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a sideways movement of the shaft in the clamped bearing is 
possible which lessens the accuracy. 

(6) Balancing of Machines in their Own Bearings. 
This process involves such a large amount of experience and 
care that it is expedieni to call in an expert. 

4. Ma^etic Out-of-balance. Magnetic out-of-balance rarely 
occurs witliout simultaneous winding defects, or with inaccur- 
ately centred or out-ot-round rotf)rs. The greatest vibrations 
occur with short circuits in the rotor windings of syn-- 
chronous machines, whether these are short circuits between 
single turns of one pole or complete short circuits. Also one 
part of the rotor w inding can be sJiort-circuited by a breakdown 
to earth in two places. With wrong [)ole sequence the magnetic 
lack of symmetry produced will also caus(‘ vibrations. 

Vibrations from lack of magnetic symmetry can be com- 
paratively easily recognized because they disappear when the 
current is cut off and reapf)ear if th(^ supply is switched on 
again. A faulty pla^ e can be detecterl by measuring the resist- 
ance of the w inding, as already described in (^ha])ter 11, para, 
b (c). When the pole sequence is wrong, the error cannot be 
found wdth direct current, except by the use of a compass 
needle. If alternating current is used, the voltages betw^een 
twx) neighbouring poh» pairs should be measured. 

On turbo rotors, which are mostly 2-pole, it is necessary to 
remove the rotor (*aps and end insulation in order to reach the 
connection between the pole coils. In many cases, the error 
can then be found ([uite easily without measurement by a 
close inspection ol the winding and connections. The correction 
of the fault (*an then be done according to its position. If a 
winding short cii cuit occurs in rotating fields and turbo rotors 
at speed, due to the winding or its connections becoming dis- 
placed due to the centrifugal force or due to the expansion 
on account of heating, it is much more difficult to locate the 
fault. Processes for finding the faulty parts are, in any case, 
described i!i (ffiapter 11, para. 6 (r). 

Vibrations of asynchronous motors as a result of lack of 
rotor symmetry mostly occur at the slip frequency, and are 
characterized by an abnormal noise. The causes of these 
phenomena are more closely described in Chapter XIV, para. 1. 

5. Shaft Climbing. High-speed machines can exhibit very 
marked vibrations if the bearing play, particularly in the upper 
part of the bearing housing, is too great. A phenomenon then 
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occurs called shaft climbing, in which the shaft mounts up in 
the oil clearance between the bearing and shaft avS a result of 
the viscosity of the oil, and then falls back again under the 
influence of the rotor weiglit. On its return to the original 
position, the whole process is repeated. The vibrations (*aused 
by this may be very violent in bad cases, and liave serious 
consequences. It is noticeal)le in tins connection that the 
vibration ])eriod does not correspond with the speed of the 
rotor, but is often mucli smaller. Tlie resonance vibrations 
occurring with this are dependent on the amount of bearing 
play, the rotor weiglit, the balancing error which already 
exists and the viscosity of the lubricant. Since the latter is 
dependent on temperature, the oil or bewaring temperature is 
also a factor. If such vibrations disappear with quite a slight 
change in the bearing tein])erature. sliaft climbing can be 
definitely assumed to be the cause 

To cure shaft climbing, the bearing ])lay in the verti(*al 
direction must be reduced to a minimum. This can be done 
by relining the upper bearing shell and scraping it until the 
necessary small clearance is achieved. The latter (*an be best 
determined by smearing with red lead and scraj)ing the lining 
off the places at whi(*h the shell rests in contact with the shaft. 

Another means of reducing the bearing play is merely to 
file back the bearing surfaces between the upper and lower 
bearing shells as far as is ne(»essary to give the correct j)lay in 
the bearing shell. In all cases, however, care should be taken 
that there is no play between the upper bearing shell and the 
bearing housing since, in spite of the reduced bearing play, 
the shaft can still vibrate if it raises the ujiper bearing shell 
against the bearing housing. 

In many cases, after the upward bearing play has been 
reduced, the bearing friction and oil temperature are appre- 
ciably increased, unless at the same time the sideways bearing 
clearance is increased to give the shaft free play in this direc- 
tion, and unless provision is also made for a good flow of oil 
under the shaft ends. 

6. Bedplate Resonance. Sometimes vibrations occur which 
can be traced back to resonance, for example, when a turbine 
is mounted on a foundation of which the natural frequency 
corresponds to the frequency of the small out-of-balance vibra- 
tions remaining after balancing. In such a case, the vibration 
is only very marked at a certain speed, and it is only 
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troublesome when this speed is the same as the rated speed 
of the machine. The natural frequency of a foundation can 
be determined by an experiment in w^lii(‘h a smaller machine 
is placed on it, preferably an easily regulated d.c. motor, 
which can be run at as large as possible a range of speeds. 
Its rotor must have been provided beforehand with an arti- 
ficial out -of- balance by fi.\ing an additional weight. At a 
certain speed the resonance vibrations of the bedplate will 
occur and if this speed is the same as the speed of the turbo 
set, the cause f)f the vibration of the latter is indicated. 

This is best cured either by better balancing of the rotor or 
by strengthening the bedplate, ])arti(*ularly in the direction of 
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tlie greatest movement. It is lecoinmended that a vibrometer 
be used tor this work. 

7. Faults in Transmission Gear, {a) (V)iiplin(}s. In ma- 
chines which are connected either by rigid or flexible coujilings, 
vibrations may occnir if the shafts are not properly aligned. 
Moreover, the couplings must run perfectly true and not oscillate 
axially. Each rotor shaft has on account of its own weight 
a small deflection which must be taken into consideration, 
particularly w ith rigid couplings. Coupled mac hinery w ill only 
run smoothly it the shafts are so placed that the faces of the 
half-couplings have the same clearance between them in the 
vertical as well as in the horizontal direction, as shown in 
Fig. 78. It is simple to ensure this by measuring the clearance 
between the half-cou])lings with a feeler and adjusting the 
machines accordingly. The one shaft end must be fixed so that 
it is exactly in line with the other. This can be tested by laying 
a spirit level over the edges of the two half-couplings if these 
have been machined to exactly the same diameter. If this is 
not the case, however, the concentricity can be adjusted by 
measuring the play between the half-couplings as explained 
above. 

It is also important that in the case of flexible pin-type 
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couplings the coupling halves should correspond exactly and 
that the pitch circles of the holes and of the appropriate pins 
should have the same diameter so that the pins do not jam 
in the holes. Owing to the many types of coupling construction 
now^ in use, it is not proposed to discuo.* here the details of 
further individual types. In general, it is recommended that 
all couplings, even the so-called “flexible" ty2)e, should have 
the coupling halves as a(*curatel> centred as possible and that 
no undue reliance be placed on the flexibility of the coupling or 
on the claims made by the manufacturer for it. 

The correct centring of couplings and the resultant quiet 
running of the machine can be s2)oilt by the heating up of the 
bearing pedestal of one of the machines by hot oil or by the 
radiated heat of hotter jiarts— for example, steam turbine 
cylinders or steam pijiing. This may change the relative 
positions of the shafts of adjacent machines. Since in these 
cases the heating due to service conditions c’annot often be 
prevented, it must be taken into account at the time of instal- 
lation. Allowance must be made in the cold condition for the 
deflection of the shaft which will occur on lieating, so that 
when the machine is hot the shafts are in alignment. The 
vibrations will then only occur during a short time while the 
machine is warming up, and will afterwards disappear. 

(b) Bklt, Rope and Chain Diuvls. Belt and rope diives 
may cause vibrations if the joints of the belting are bad due to 
carelessly mounted belt fastenings or to glued johits where the 
overlajiping of the belt ends is wrong relative to the direction 
of rotation of the ])ulley, or again, if the spliced joints of woven 
belts or ropes are badly made. The contact between such bad 
joints and the driving pulley causes a series of impacts. Belts 
running with a sideways pull induce axial movement, varying 
in dii ection, of rotors, which in turn knock against the bearing 
shoulders and thus (‘ause vibration. 

With chain drives the principal causes of trouble are inade- 
quate supi^iort of the (‘ham sprockets as w ell as defects in the 
engaging of the s2)rocket and chain, w^hich may lead to vibration 
either of the driving or the driven machine. 

Practical rules are given in textbooks on the subject, regard- 
ing the best pulley diameters and distances, as well as belt and 
rope dimensions. Belts and ro2)es working with their driving 
pulleys under proper conditions ought not to produce appreci- 
able vibration. 


9-( r,23) 
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(c) Gear Drives. When gear drive is employed for electrical 
machines, hammering may occur due to careless installation 
predi8]:)osing the driving and driven machines to vibrations. 
The rath(‘r inaccurate am! carelessly machined gear drives 
which are common in the pajier, cement, te.\tile, and iron 
industries are particularly subject to such troubles. The 
faults most likely to occur on these (Irh'es are inaccurate tooth 
pitch, lack of machining of the tcetli or careless machining : 
inaccurate engaging of the teeth or too much tooth wear result- 
ing in loo great play between them : out-of-round gear wheels : 
axes not parallel in spur gearing ; wTong angle in the case of 
bevel gearing; too great axial play, especially in the case of 
bevel and helical gearing: inaccurate balancing of the gear 
wheels. 
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BEARING TROUBLES 

1. Overheating. The permissible temperature rise of bearings 
aceording to British Standard Specifications is C. That 
is to say, witii an ambient temperature of 0., the highest 
permissible temperature for the bearing is H0° C., the tempera- 
ture being measured in the most ac‘eessible portion of the 
bearing. Bearings can, however, operate successfully at higher 
temperatures if the lubricant is suitable. Occasionally, two 
bearings having exactly the same construction and loadirig 
will exhibit an appreciable difference in temperature, lliis 
may be because the cooler bearing is near a coupling or a 
cooling air duct and is consequently better cooled than the 
other. 

Ac(*ording to the construction and lubrication overheating 
of bearings may be caused by deficiency of oil or cooling water, 
unsuitable lubricant, too little bearing clearance, loss of oil 
between bearing and shaft, too great bearing pressure, unsuit- 
able bearing material, rough shaft, or rubbing of the shaft on 
the bearing caps. 

In the case of ring lubricated bearings, the oil supply can be 
interfered v ith by the ring sticking, or too slow rotation of the 
ling <lue to dirty or thickened oil caused by foreign matter 
such as sawdust, flour, cotton fibres, dust, etc. Jamming of the 
ring in the groove and magnetic influences on iron rings are 
also causes of trouble. Bearings fed by pumps or gravity oil 
systems may have obstructed channels. When oil is circulated 
by a pumj), the (piantity supplied may be too small because 
the oil is too low in the oil tank and the opening of the oil pipe 
only partially submerged, so that air is drawMi in. This can be 
diagnosed from the milky appearance of the oil. 

Insufficiency of cooling water is chiefly caused by the break- 
ing down of auxiliary })umps or by obstruction of filters in the 
supply system as well as tlie calcination or fouling of coolers. 
Depending on the losses to be conducted away, insufficiency 
of cooling water is usually not apparent for some time, when a 
slow but steady increase in bearing temperature is observed. 
When bearings having water eoolers which are adequately 
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supplied with cooling water still exhibit a steady temperature 
rise over a period of weeks or months, this usually indicates 
calcination or fouling of the cooling tubes, as explained in 
Chapter XXXVII, para. 6. Many bearings having additional 
water cooling can remain in service for a long time without 
water and not exceed the temperature limit. 



FlO. 79. iNFLrUNCK OF THK (’OOLTNG W'ATKR QttaN^TITV 
ON THE Bearing Temi'Erati rk of a Motor at ‘A 000 k.r.m., 
AND .500 kW. JIated OrTPT t 

(1) Heating of Ijoarini! oil with aiiibifiit temperature of :{(»“ ('. 

(2) Rise in temperature of eouliiig water. 


The amount of cooling water nec;essary for water-cooled 
bearings may be calculated from the formula — 

Q = (314 X P)IAt ; where 


P ™ Loss in bearing in kW. 

Q — Cooling water supply in gal. per min. 

At — Temperature rise in cooling water in ° C. 


From this we have for 1 kW. loss and 1° C. temperature rise, 
about 3-3 gal. per min., so that for the usual temperature rise 
of about 10° O.. 0-33 gal. per min. per kW. will be necessary. 
The bearing loss is approximately 


P- 


2 X F XV 
10 ^^ 


kW. in which 


F — Projected surface of the bearing in in.‘^ 
journal length x diameter. 

V = Journal speed in ft. per min. 
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From this we have for 10® C. tem})erati]re increase a cooling 
water quantity of 

0*65 X F > r , 

V - - gal. per nun. 

As the cooling water supply is increased, the heating of a 
bearing first falls rapidly and then less so, as in Fig. 79. After 



Fig. so. CooiiiNt. Watkr Ti be oi a Ue^rinc, Shell Damaged by 
Corrosion after Thirteen Years’ Seu\he 


the temperature of such bearings has reached a certain level 
it will not show any further decrease, however much the water 
quantity is increased, since with a given cooling surface the 
heat transfer due to increased sf)eed of flow of the cooling water 
is not further improved. 

The cooling water may leak into the oil in some cooling 
systems due to the connections and junctions not being water- 
tight, or as a result of mechanical damage or c‘orrosion of the 
cooling tubes (Fig. 80). Traces of moisture in the lubricant are 
not particularly dangerous, but larger quantities of free water. 
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which spoil the lubricating effect by destroying the oil film, 
are a serious matter since overheating, and in bad cases 
collapse of the bearing, will result. 

To-day no difficulty is experienced in finding a suitable 
lubricating medium, but the recommendations of the machine 
supplier should always be taken into account. A word of 
warning must be given respecting so-called ‘ super-lubricants’’ 
which are claimed to be exceptionally effective in service. 
While, with a good lubricant, the running surfaces of the bear- 
ing are smooth and polished, 
with these special lubricants 
they may become resinous 
and sticky and thus increase 
the losses. 

Friction and consequent 
heating may sometimes be 
experienced with ball and 
roller bearings as a result of 
too much or unsuitable 
grease. This should not arise 
if the recommendations of the 
machine supplier and of the 
bearing maker are observed. 
All lubricating media should 
be free from foreign matter 
such as dust, sand or metallic 
chippings, which damage the bearing and cause excessive wear 
on its surfaces. On this account a thorough cleaning of the 
housing and a rencw^al of the grease is absolutely necessary 
after any bearing failure. Chapter XXXVIll, para. 1, contains 
further information on lubricants. 

Excessive heating also arises from too small bearing clear- 
ance. This may be due to the type of bearing, the journal 
speed, and the type of machine. (See Fig. 81.) An easy medium 
clearance is best for slow -running machines with horizontal 
shafts, and a slacker clearance for those at higher speed. 
When determining the correct bearing clearance for asynchron- 
ous motors, it is necessary to pay special attention to the size 
of air gap. 

The oil should flow freely along the oil grooves between the 
shaft and bearing, and on this account the oil grooves should 
be well rounded. Sharp angles as shown in Fig. 82 (a) scrape 
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the oil off the shaft, and prevent the formation of a proper oil 
film. The heating of the bearing can very frequently be 
reduced solely by improvement of the sluiping as in Fig 82 (6). 

Too much radial bearing pressure can be brought about by 
excessively tight belts, ropes, or chains, and also by using a 
pulley of too small diameter. Excessive pressure in tlie axial 
direction, tliat is, on the bearing shoulders, either steady or 
consisting of a series of impacts, may be caused by too great 
magnetic pull, if the rotor is too much disjilaced in the 
stator; by couplings producing an 
axial thrust : by driving machines ; 
by dircct-couj)led pumps and fans 
or by expansion of the shaft due 
to heat combined with insufficient 
axial clearance. A continuous 
excessive axial pressure overheats 
the bearing and leads to wear of 
the thrust slioulder. On the other 
hand, axial blows of brief duration 
only hammer the bearing shoulder 
without c‘aiising lieating. Tliese 
may be due to belts with sideways pull, liad gear wheel align- 
ment, insufficiently balanced rotor, or irregularities on the 
bearing shoulder. 

To determine the cause of excessive axial thrust, the machine 
should be first run uncoupled and tested to see if the thrust is 
still excessive and if there is sufficient axial play. In the case 
of a one-sided magnetic pull the stator (‘an be displaced relative 
to the rotor, or under some circumstances the shafts or bearing 
shoulders can be machined back. The stator or lotor lamina- 
tions must on no account be forced axially due to the danger 
to the windings. 

Bad manufacture of the bearing lining resulting in the inclu- 
sion of slag, sand, cement, and ash may increase the friction 
and heating to an abnormal extent, or cause grooving of the 
shaft. Further notes on bearing materials are given in Chapter 
XXXVII, para. 3. 

A rough shaft surface or a shaft damaged by careless hand- 
ling during installation may also increase the heating, as well 
as skewed bearing caps, oil guides and washers, or rubbing 
of the cast-iron bearing lips on the shaft. Such troubles 
mostly occur when the shaft sinks as a result of bearing 
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wear. Bent shaft ends will also jam in the bearing and cause 
overheating. 

If the troubles described here are not noticed at an early 
stage, a breakdown of the bearing will probably result, and if 
the bearings are of white metal they will melt, and in some 
instances the rotor may be damaged. Bronze bearings tend 
to seize fast to the shaft so that they can often only be separ- 
ated from it by heating or by light hammering. 

Repairs on shafts and bearings must always be carried out 
with great care. Rough shaft ends must be ground clean, bent 
ends made straight and polished, and the bearing scraped to 
the appropriate fit after the shaft is ground. 

2. Bearing Currents. Bearing shells and shafts may also be 
pitted by currents flowing through the bearing, which may occur 
in various ways. Lack of symmetry in the iron or in the winding 
can cause a magnetic flux which no longer takes the proper 
path through the pole and armature, but remains in the arma- 
ture and flows concentrically in planes normal to the shaft. 
Short circuits also, especially when single-phase, give rise to 
this lack of magnetic; symmetry and a voltage is therefore 
induced in the (;onducting circuit formed of shaft, bearing, 
housing, and bedplate. In some circaimstances, it may break 
down the insulating oil film of the bearing and a so-called 
beari7ig current flows through the circuit described which, if 
of sufficient magnitude and duration, damages the bearing. 
Occasionally, the passage of sparks to the bearing housing 
lips will be noticed. To prevent bearing currents, bearing 
pedestals are often insulated from the bedplate, it is necessary, 
however, to take care that this insulation is not bridged over 
by a metallic conductor such as a water pipe, or the wire 
armouring or conduit of auxiliary circuits. If signs of bearing 
currents are apparent, such as fine points of roughness on the 
bearing lining and shaft, the state of this insulation should 
be tested. 

In addition lo the bearing currents mentioned above, bear- 
ings may also carry current if a considerable earth exists 
outside the machine in the armature circuit of generators and 
motors, and at the same time a second breakdown to earth 
occurs inside the armature. The short-circuit current then flows 
through the bearing and brings about the results mentioned. 
Fig. 83 shows portions of the shaft and bearing shell of a d.c. 
machine which was damaged in the way described. 
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3. Oil Throwing. One of the chiei causes of oil throwing is 
the use of too much oil. In nidiiy factories the maintenance 
staff are under the impression that the machine bearings must 
be inspected and refilled daily, and the oil chambers are often 
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SO overfilled that the oil creeps along the shaft. All bearings 
have either oil level gauges or indicators which should always 
be used for determining the proper level when filling with oil. 

Besides these chief causes, damaged cover plates and bearing 
caps allow the oil to creep along the shaft. Open bearing 
housings allov the escape of oil vapour. In addition, the 
windage produced by couplings may suck oil out of the bearing. 
In dirty positions insufficient protection allows the collection 
of dust on the bearings along which oil may creep. 

Oil throwing is particularly harmful when it affects windings, 
slip-rings, and commutators. The oil mixed with dust often 
forms a thick dirty layer which may damage the varnish on 
the windings. 

Naturally, if oil is lost continuously, the bearing housing is 
soon emptied and the bearing damaged from sheer lack of oil. 

4. Renewal of the Oil. When machines which have been 
standing are replaced in service, the bearing oil should be 
renewed to start with, especially if the old oil appears black and 
muddy. After bearing and shaft are polished and run in, 
complete replacement of the oil again is very seldom ne(‘cssarv 
— probably not more than once a year. Jn this process the 
bearing should be washed out with petrol before the new^ oil 
is put in. Tn general, it is to be recommended that the bearings 
of electrical machines should not be continually filled up with 
oil from a can unless there are specially severe operating con- 
ditions. The bearing cover should remain closed — a good 
bearing will operate many months without attention. 



(CHAPTER VIII 

FAILURES TO GENERATE AT NO-LOAD 


1. D.C. Generator Gives No Voltage. ((/) Evcitek (Jirc uit is 
Brokkx or has Abnormal Kesistanc^e. If d.c*. generators 
fail to excite they should tiist be tested for breaks and })ad 
contacts in the held circuit. These nia\ occur in the held coils 
or the coil cross-connections due to breaking of a wire, or 
insufficiently secui*o terminals, or in the shunt regulator as 
the result of broken wires or loose contacts. Often corrosion 
of the contacts is sufficient to raise the (‘ontact resistance so 
that self-excitation is impossible. 

If, liowever, the generator excites initially but at a certain 
position of the shunt regulator tlie voltage is lost, it may be 
that in the regulator jxisition under consideration a few con- 
tacts stand back and the sliding conta(‘t cannot touch them. 
Ijoosc contacts may also be the cause. 

A testing lamp or an insulation te-t box should be used 
when testing for a break in the circuit. These are available 
to-day in almost every workshop, aTid a large fault can easily 
be found with them. If the trouble is only a bad contact, this 
is not so easily located, even with both a})pliances. With the 
usual large supply voltages, the increase in contact dro]> is of 
no importance, but it may affect the excitation in the case of 
the small residual voltages of machines, in such cases the 
situation of the fault is best found by disconnecting and 
examining the most accessible contacts. Repairs not carried 
out in a workmanlike way on field coils or their conne(*tions 
can cause bad contacts due to varnish having a(‘(‘umulated on 
the wrong parts, or to careless soldei’ing. 

(/>) Reverskd Field Wtxdino or Reversed Coils. When 
the field winding of a self-excited d.c. generator is leversed. 
the armature voltage indu(*ed by the residual field sends a 
current in such a direction tlirough the field winding that the 
residual field is weakened and the self-excitation o{)posed. If 
a voltmeter with a small measuring range is connected between 
the armature terminals of a self-excited d.c. machine, w ith an 
otherwise open -circuited armature, and the connection of the 
whole field winding is reversed, the gradual sinking of the 
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residual voltage can be observed if the field regulating resist- 
ance is slowly switched out. Reversed connection of the field 
winding of a separately excited d.c. generator does not stop the 
excitation but alters the polarity of the pnerator. 

The “reverse connection” of a field winding in which single 
coils only are reversed usually results in failure of the generator 
to excite. The influence of single reverse connected poles and 
the testing for correct pole sequence is described in para. 3 (c). 

(c) Field Regulator is Reverse-connected. Most field 
regulators have three connecting terminals, as in Fig. 84. When 
the generator is connected wrongly, for example, on to terminals 

1 and 3 instead of 1 and 2 it usually will 
not excite. 

It may be that tlu field regulator is 
wrongly connected to terminals 2 and 3 
and its operation is reversed. Those resist- 
ance steps which carry the least current 
and have the greatest resistance are 
switched out at the end instead of at the 
start of the regulating })r()cess. The regula- 
tion in this case is insufficient and the regulator may become 
too hot. 

(d) (toMMUTATOR C^ONTACT Re.SISTANCE JS ToO (jREAT. All 
important cause of the non-excitation of a self-excited d.c. 
generator is that the contact resistance of the commutator may 
be too great. This difficulty occurs mainly on low voltage 
machines. It arises with a dirty or oxidized commutator, 
insufficient brush pressure, unsuitable grade ol’ brush, or as a 
result of marked chattering of the brushes, possibly caused by 
high segments or high mica, or by an out-of-round commutator. 
It will often be found sufficient to increase the brush pressure, 
so as to reduce the resistance to establish the self excitation. 

Dirty and oxidized commutators should be cleaned with the 
brushes raised by fine grained carborundum cloth, pumice stone, 
or other suitable abrasive material. 

The choice of brush grade and brush pressure is discussed 
in more detail in Chapter V, para. 5. The overhaul of com- 
mutators is described in Chapter V, para. 12. 

(e) Commutator Segments are Short-circuited. With 
low voltage d.c. generators such as are used for elecdroly tic- 
purposes and as exciters for synchronous induction motors, 
metallic brushes are frequently used. If the grade of these is 
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wrongly chosen, it may happen that the slots between the 
segments become full of metallic dust, which finally prevents 
the self-excitation of the generator. (V)ntamination by oil can 
also lead to short-circuited segments. To ^ ure this, apart from 
using the proper grade of brush, the slots between the segments 
must be carefully cleaned out. 

(/) Bbush Position is Wbong. The non-excitation of a 
d.c. generator may be due to wTong brush placing. It some- 
times happens that after overhaul of the machine the brush 
holder is replaced reversed, so that the brushes are very far 
out of the neutral zone although the brush rocker is apparently 
resting on the right marks. 

In modem generators the operating position of the brushes 
is always indicated by a mark on the brush rocker, and in 
interpole machines the brush ])osition does not change between 
no load and full load. If there is no mark on the brush rocker 
the proper position can be determined for most types of arma- 
ture winding because the brushes are placed oj)posite the 
centre of the main poles. Some manufacturers also mark one 
particular slot, and the conductor to the commutator belonging 
to it, with a coloured mark. The neutral zone can be ajiproxi- 
mately found with the help of such a mark by turning the 
marked slot under the centre of an interpolc when the brush 
should rest on the segments marked as belonging to it. Whcji 
the brushes are placed as indicated by this procedure, the 
generator should ex(*ite. To ensure good commutation, how- 
ever, the brush placing must be more accurately fixed as 
explained in Chapter V, para. G (c). 

It should be mentioned that a small displacement of the 
brush rocker out of the neutral zone op})osite to the direction 
of rotation improves the self-excitation. 

(g) Direction of Rotation is Reversed. In the case of a 
self-excited d.c. generator the direction of rotation may be wrong 
relative to the connections of the field winding. The cure for 
this is to reverse either the connections of the field winding or 
the direction of rotation. Wrong direction of rotation of a 
separately excited d.c. generator only reverses the polarity. 

(A) Residual Magnetism IS Lost. If the residual magnetism 
disappears there will be no self-excitation of the generator. 
Generators that have lost their residual magnetism must be 
properly excited again from an external current source. Gen- 
erally speaking, only a few^ cells of an a(*cumulator battery are 
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necessary to excite the machine externally sufficiently strongly 
to restore the self-excitation. In this process both leads to 
the field winding must be separated from the machine ter- 
minals, and at normal speed of the macliine the field winding 
only should be separately excited. The separate excitation of 
the machine is maintained for a few minutes and then its 
normal connection restored. If the generator has to be con- 
nected in parallel M/ith other generators, the polarity must 
be checked to ensure that it is correct. 

(/) Armatcke Winding is Open-circ luted or Short- 
ciRcuiiTED. OR IS Wrongly CONNECTED. Whcii there is a 

break in the armature of a self- 


Prognesswe 



b 


Refnogressive 





a 


excited generator it will usually not 
produce a voltage. If the generator 
is tested by being driven with 
separate excitation, violent sparking 
occurs when there is actually a break 
in the armature circuit, and the 
segments between whi(*h the break 


K.o. 85 . l*uo,nucs.sivK an,. buiut. 

liKTiicxiHKssivK AjiMATi Kli H thcrc is ill tlic armature winding a 
\ViNi)iN(Js short circuit caused by the direct 

metallic conneciioii of adjacent turns 
of one coil, the self-excitation again may be prevented. If the 
generator is seiiarately excited, sparking, blackening of the 
segments concerned and eventually overheating of the faulty 
part of the winding occur. 

Apart from these it has more than once been found that a 
d.c. generator would not excite after the installation of a spare 
armature, l^he cause was that the coils in the spare armature 
were not wound in the same way as in the original armature. 
For examyile, a retrogressive winding might have been used 
in the new armature while the old one had a progressive 
winding — see Fig. 85. To cure this, it is necessary to change 
over the (connections of the field winding. 

The same fault may also occur when an armature is rewound. 
It can, however, only arise in connection with wire windings 
since with bar windings, conductors of the correct shape and 
length are usually prepared before being placed in the slots. 

( k ) Armature Circuit is Short-circuited Externally. 
A short-circuited self-excited shunt connected generator will 
produce no voltage. On the other hand, if the brushes are 
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displaced backwards a false self-excitatioii can occur on 
account of the compounding effect of the armature rea(*tion 
field. Under these circumstances, the current in th(' short- 
circuited loop is many times the rated current, the commutator 
sparks, and the generator continues to generate even with the 
field winding broken. This can only he cured by stopping 
the generator quickly or by opening the circuit by a switch 
having overload trips. 

(/) Shunt Field Windings Broken Dov^n to Earth or 
TO THE IVIatn Circuit. Breakdown of the field winding to the 
iron does not affec*t the running of a geiierator as long as there 
is not a second breakdown. 

Non-excitation, how ever, 
is possible as soon as the 
field winding has tA\ o 
earths, so that a large 
])orti()n of the winding is 
s h o r t - c i r (* u i t e d . In 
installations having an 
earthed conductor, the lo Eaiuji ts 

earth eonneedion forms im Fifld \\ i\i>i\(, 

the s(‘cond earth as in 

Fig. 80. i\ccording to the position of the earth and its contact 
resistance, its effect varies, and under some conditions a shoi t- 
circuit can also be produced. Earths generally occur on the 
field coil cross-connections, and with careless insulation of the 
field coils, short-cir(*uiting due to pressure at the pole corners 
may occur. As a result of the short circuit between layers, and 
with progressive burning of the insulation in the ludglibourhood, 
the insulation between the coil and the iron may also be burnt 
and finally cause a breakdown to earth. 

Breakdowns to other windings through which the main cur- 
rent flows, whether the compound winding or the interjxile 
winding, may have different results according to their {losition. 
In Fig. 87 a few^ cases are shown diagrammatically. A short- 
circuit at a will partly or wholly short-circuit the shunt 
winding, according to the position of the parts which are 
short-circuited, due to the very small resistance ol the interpole 
coils. If the contact comes at b the excitation is not aff ected, but 
the diverting of the interpole winding will result in bad commuta- 
tion. A connection at c w ill operate the same as one at a and 
short-circuit the shunt field winding. (Connection at r/ causes 
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shunting of the compound winding and consequently diminish- 
ing of its effect. A connection at a due to wrongly connected 
leads results in over-excitation of the machine due to the 
short-circuiting of the shunt regulator. Short-circuited parts 
of a field winding remain cold ; therefore when very different 
degrees of heating are exhibited by individual poles of a field 
winding, the coil remaining cool should always be tested first. 

A measurement of the voltages on the single poles will also 
indicate the faulty parts. Earths can be detected under servicje 
conditions by measuring the voltage between the machine 
terminals and the earth. If on one terminal there is no voltage 

or little voltage, but the other 
terminal has the full machine 
voltage to earth, this suggests 
a breakdown of those poles 
giving no voltage to earth. 
Alternatively, the machine 
can be tested at standstill 
with an insulation tester. 
Breakdowns to earth should 
be investigated as set out in 
Chapter II, para. 4. 

(m) Switchgear Faults. 
Failure of the machine voltage can frequently be traced to 
defects in the instruments and switches associated with them, 
or to meter shunts or external resistances. When such troubles 
occur, therefore, the first thing is to ascertain whether or not 
the instruments and their leads are in order. 

2. A.C. (jenerator gives No Voltage, ( a ) Defects in the 
Exciter. In by far the majority of cases, the cause for the 
failure of an a.c. generator to produce a voltage is to be found 
in the exciter, and the usual fault in the exciter is a dirty 
commutator. The most common causes of lack of voltage in 
d.c. generators, which are described in Chapter VIll, para. 1, 
may be taken to apply to exciters. 

(6) Rotating Field Circuit is Broken. A break in the 
rotating field circuit or in the main current circuit of the exciter 
may arise as the result of a broken or loosely soldered connec- 
tion. In addition, brushes may no longer ride properly on the 
slip-rings or on the exciter commutator. On account of wear, 
they may be wedged in the brush boxes, or stick in the holders 
owing to the presence of dust. 



Fk;. 87. Short CTrci its bktwkjsn 
Field VVi.NDiisra and Main (Ji krknt 
Winding 



FAILURES TO OENKKATE AT >fO-LOAl) 127 

(c) Field Circt^it is Wrongly (V)nnected. The v^oltage 
can only be entirely lost when all the poles are either north or 
south, because the field binding is wrongly connected. This 
fault may occur after field coils have been completely dis- 
mantled for overhaul, and afterwards either not rejfiaced 
correctly, or wrongly connected. It can be assumed that this 
is tlie cause of the trouble when no voltage (*an be detected 
on the stator terminals, although tlierc^ is full voltage and 
current in the field circuit and the stator winding of the gen- 
erator is in order. The method of determining the proj)er pole 
seipience is described in Chapter VJll, para. 3 (c). 

{d) Earths and Short Ciriuitts in the Field System. If 
by (‘liance two breakdowns to earth occur simultaneously 
so tliat the main current of the exciter flows through these 
earths and does not flow through the field winding, the gen- 
erator cannot ])ro(luce a voltage. The same thing ha])pens if 
the leads to and from the field winding are touching on opposite 
sides. The insulation of the leads may be damaged by clamp 
screws, or the insulation on a connecting bolt to a slip-ring 
may liave been damaged where it passes through a ring. In 
the troubles mentioned, it is characteristic that since the 
exciter in the field circuit is almost short-circuited the rated 
(‘urrent occurs at much below the normal excitation voltage. 

(c) Stator Winding is Open-itrciiited or Reverse- 
connected. A break in the stator winding can be detected 
either by running the generator at no-load and measuring the 
voltage or, when the machine is at standstill, by measuring the 
resistance. When one conductor of a star-c*onnected three- 
phase generator is broken, a voltage can only be measured on 
two terminals, but measurement of the voltage on a delta- 
connected w inding gives approximately ecpial voltages betw een 
all three terminals. If the phase connections lie outside the 
machine, the faulty lead can be easily detected by separating 
the leads. If the phase leads cannot be separated, resistance 
measurement must be used for the purpose. In this case 
twice as large a resistance is measured betw^een the two ter- 
minals of the faulty phase as between the remaining terminals. 
If one phase consists of two or more parallel w inding circuits 
and only one circuit is broken, the ratios between the resist- 
ances stated no longer hold good, but in this case the generator 
gives at no-load the same voltages between all terminals. 

The reverse connection of the stator winding can only cause 

10— (T.2U 
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lack of voltage if, by chance, two equal parallel circuits of one 
phase are so connected that they have the effect of cancelling 
one another. This trouble could, however, only occur after 
altering or rewinding the stator. 

3. D.C. Generator gives Too Low Voltage at No-load, (a) 

Speed is Too Low. This fault usually occurs in small plants 
having only one generating set, and the driving machine is 
often the cause. The water quantity, the head of water, or 
the steam pressure can be too lou, or defects in the governor 
gear may prevent proper speed control. In addition, too great 
slip of the driving belt or rope, or slipping of the centrifugal 
couplings, can all lower the speed. 

The usual ap})aratus nowadays for measuring the speed is 
the hand tachometer, but speeds up to about 150 r.p.m. can 
be determined by inspection ^\ith the aid of a mark on the 
rotating body. In a.c. generators, the speed (*an also be 
observed by a frequency meter. The ( hange of the voltage 
will be greater or smaller according to whether a machine is 
self-excited or separately excited, and whether the exciter is 
also affected by the speed variation. 

( h ) Excitek Circuit has Excessive Resistance. D.c. 
machines of low voltage, for example, machines for electro- 
chemical works and exciters for synchronous induction motors, 
may fail to attain full voltage it the connections between 
machine and field regulator are too long, or of insufficient sec- 
tion. It is advisable in these eases to place the field regulators 
as near the maehines as possible and always to dimension the 
conne(‘ting leads generously with a vie^\ to a small voltage 
drop. It is also obvious that excessive resistance may occur 
due to dirty contacts, or in the field regulator itself. 

(c) Exciter Winding is Reversed -Checkin g Pole 
Sequence. The greater the number of physical poles wrongly 
connected or short-circuited, and the smaller the number of 
magnetic polos in the machine, the more obvious is this trouble. 
It may be that wrong connections have been made after repair 
of the field windings. Either connections are reversed by 
mistake or the pole coils are replaced so that left-hand and 
right-hand coils aie changed over. Fig. 88 gives no-load 
voltage curves taken on a d.c. shunt generator of 82 kW. and 
550 volts to demonstrate the effect of the error when one or 
two poles are wrongly connected. With two wrongly- connected 
poles, the machine scarcely produces any voltage. The cutting 
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out of whole pole coils by short-circuiting is a less common 
trouble. It can occur where the coil leads from the inside 
layer short with the outer layers of a field coil: also with 
short circuits between fK)le connections crossing one another, 
or due to earths on two different poles, in Fig. 8S are shown 



also the voltage curves of tlie same machine when one or more 
f)oles are short-circuited. 

When field windings are connected in two parallel circuits, 
a connection perhaps introduced when the machines were 
modified for a different voltage, the parallel branches may, 
after an overhaul, be connected in series as at first. The 
windings then have a decreased excitation effect. 

When all poles of the field winding are connected in parallel, 
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a very rare construction, one pole alone may be inefficient due 
to a break in its leads or in the pole coil. This actually produces 
the same effect as the short-circuiting of a pole when all coils 
are series connected. 


When complete pole coils consist of sectionalized coils, there 
is the possibility that some of these may be reverse connected, 
causing an appreciable weakening of the poles concerned. 

Apart from its effect on the voltage, reversal or short circuit 
of the pole coils in d.c. machines with lap or jnultiple circuit 
windings has a bad effect on the commutation. Heavy equal- 

izing currents, sparking and in- 
^ creased heating of the armature 

^ I winding and of the commutator 

I occur. The operation of machines 

having wave wound armatures 
Fig. 89. is, liowever, only comparatively 

Testing the Correct Pole slightly affected. 

Sequence by the Magnetic u i xl ^ 

lo check the pole sequence the 

polarity of the individual poles 

can be tested with a compass needle. South and north poles 

always should lie alternately. 

Another process consists in separately exciting the field, 
and with an iron bar testing the magnetic pull as in Fig. 89. 
If two like poles are adjacent, or if one pole is short-circuited, 
the attraction on the iron is much less than if the pole sequence 
is correct. The force can either be measured or estimated by 
the hand in pulling the piece of iron away. For proper coil 
connection with similarly wound coils, adjacent coils should be 
connected so that finishing lead is to finishing lead and start 
lead to start lead. 


( d ) Field Winding has Short Circuits between Turns 
OR Layers. These short circuits may sometimes cause de- 
creased voltage. They must, however, cut out quite a large 
part of the windings before they are noticeable. Having regard 
to the large number of turns of the field windings of d.c. 
machines, it is very unlikely that shorts between adjacent 
turns or la3rers will appreciably reduce the voltage. 

In order to find the faulty pole the resistances of single coils 
must be measured. With direct current measurement, only 
the larger defects are detectable, since the difference of the 
resistances of individual poles can often be relatively large 
when compared with the resistance of a few short-circuited 
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turns. The resistances of individual poles measured with 
direct current may vary _ 2 per cent from the average value. 
It is better to carry out this test with alternating current. 
Short circuits of even single turns are quite noticeable due to 
the considerable differences of the impedance and the excessive 
heating of the affected part Tn addition, wrongly connected 
poles or wrongly connected coil parts are more easily detected 
wdth alternating current than with direct current. For this 
measurement alternating current between 110 volts and 220 
volts is sufficient. When measurement is done with alternating 
current the permissible deviation of the impedances of single 
poles is about [ 5 per cent. Testing with alternating current 
can only be done when there are no metallic parts inside the 
coils operating as short-circuited windings, for example, coil 
spools. 

(e) Wrong Brush Position. The effect of the disposition 
of the brushes on the voltage can best be observed at no-load, 
particularly if the brushes arc very far out of the neutral 
zone. The j)roper j)lacing of the brushes is discussed in Chapter 
V, para. 6 (e). 

(/) Air Gap is Too Large. This trouble rarely occurs, but 
it may happen that after the pole (*oils have been repaired 
the field is reassembled and the })ole liners omitted. 

4. A.C. Generator gives Too Small Voltage at No-load, (a) 
Trouble in the Exitter. In every case the exciter sliould be 
tested first. Tn paragrai)hs 1 and 3 the various troubles which 
may occur in exciters are indicated. 

(h) Speed is Too Low, The possible causes of this trouble 
are the same as for d c*. machines which are discussed in para. 
3(a). 

(c) Rotating Field has Windings either Cross-con- 
nected OR Short-circutited. Crossed connections of the 
poles can only o(‘Cur wdien, after repair, the field coils are either 
repla(*ed in a reversed position or the connections are reversed. 
Cutting out of poles by short circuits is possible if both leads 
can make contact. Both troubles cause not only voltage drop 
but vibration. Machines having parallel circuits in the stator 
winding may, in addition, have large circulating currents. 

The method of determining the faulty pole is outlined in 
para. 3 (c) and {d). 

(d) Rotating Field has Short-circuits between Turns 
OR Layers. These are only apparent at low voltage if a large 
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portion of the whole winding is short-circuited as a result of 
the trouble. In addition, more or less vibration occurs on 
excitation which with increased excitation disappears. The 
method of finding the fault , place is outlined in Chapter II, 
para. 6 (c). If a sufficiently high a.c. voltage is available, say 
380 volts, all poles can generally be connected in series, other- 
wise they must be divided into groups by undoing the pole 
connections, or else the poles must be measured singly. When 
measuring with alternating current the rotating field should, 
if possible, be dismantled from the stator. Otherwise, con- 
siderable voltages may be induced in the stator winding. 

It is appreciably more difficult to locate a ])ole short circuit 
which only occurs as a result of the centrifugal force caused 
by the rotation. Here the resistance is measured with direct 
current, while the rotating field is run at different speeds. 'J'he 
sudden change of the resistance on reaching a certain speed 
shows when the short circuit (jccurs. Para. 6 (c) of (>1iapter IT 
describes the method of locating the faulty place. 

(e) Stator Winding ts Wroncjly Connected. This is only 
likely to arise after repair when single coils are reverse con- 
nected. To determine the fault, careful measurement of the 
individual voltages of the winding phases is necessary. 

Another possible but unlikely cause is that a three-phase 
stator winding may have been connected in delta instead of 
in star. The terminal \oltage of the generator in this case only 
attains slightly more than half its pro])er value. 
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TROUBLES IN D.C. GENERATORS WHETHER OPERATING 
SINGLY OB nr PARALLEL 

1. Excessive Voltage Variation. The terminal voltage of shunt 
wound generators drops \t’ith increasing load, if the field 
regulator is unchanged. The voltage drop from 710-load to 
full load for self-excited generators usually amounts to between 
10 per cent and 20 per cent, according to the size of machine 
and the number of polos. For sejiarately excited generators, 
it should only be between and l.'i per cent. 



Kic. DO. Kelation hetween Tehminal Voltace and Load Current 
FOR Different !^ri sm Positions of a D.C\ Siii N'r (Jenerator 

WITH InTEKPOLES FOR .*{() k\V. ^riO \'oLTS 

(1) Brushes (lisjilaced forward I .sfgniciits. (4) llru.slio.s disjdaced Imrkwards 2 Hepments. 

(2) Brushes displaced lorward 2 '^epnients, (.">) Brushe.s displaced backwards 4 sepinents. 

(:i) Brushes In tlie neutral zone. 

(Total number ol segments [kt ]»ole 4H.) 

If when a d.c. generator is put on load the voltage suddenly 
drops so that the excitation has to be increased beyond the 
normal limit, one of the following troubles may be responsible. 

(a) Excessive Dkop in Speed of the Driving Machine. 
An abnormal voltage change may be due to too great a drop 
in the speed of the driving machine when })ut on load. The 
cause of this may be defective governor gear of the prime 
mover, insufficient water, or insufficient steam. The slip in 
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transmission gear such as belts, ropes or friction drives, with 
increasing load is another possible cause. If an electric motor 
is used for driving the generator, troubles in this may cause 
abnormal drop in speed with increasing load. 

(b) Incorrect Brush Position. Wrong brush position on 
d.c. generators is not particularly noticeable at no load as long 



de^ments Backwopd'^ — Brush Displacement Segments forward 

Fi«. 91. Kklation between Exciter Cctrrpjnt and Brush Displac’ement 
WITH Constant Load and Constant Voltaoe for a Shunt Wound 

(iKNKRATOR WITH InTERPOLKS FOR 36 kW. .’►oO X’oi/PS 

(1) At no-load. (8) For full load. 

( 2 ) For half load. ( 4 ) For r >/4 load. 

(Total number of ^emnputs i)er j)olo — 4M ) 

as the brush displacement is not more than 5 per cent to 8 
per cent of the pole pitch. On load, however, there is a pro- 
nounced effect and brush displacement out of the neutral 
zone in the direction of rotation will increase the voltage drop 
between no load and full load. Too small voltage of a machine 
when on load can therefore arise from brush displacement. 
In Fig. 90 curves are drawn which show the variation of the 
terminal voltage of a self-excited d.c. machine with different 
brush positions, the field regulator being unchanged. Fig. 91 
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shows the field current necessary to keep the terminal voltage 
constant with constant load and various brush displacements. 
It can be seen that considerable brush displacement requires a 
large increase in the ex(5itation current to keej) the machine 
voltage at its proper value. Even if the commutation would 
permit a further displacement of the brushes, the field winding 



Fi(j. 92. Kklatkjn hetwkkv Termtsal V'oltacje and Load (JrRitKNT 
OF A SeFAHATKDV K\01TKD 0.0. (iENKRATOR FOR 7()0 kW. 
r>()0 R.I'.M. 

(1) With lull (*01111)01111(1 wliuliiig. (;t) Without compound windint:. 

(2) Wit li iialf compound windin^i. (i) With lull rc\(‘rs(‘(l compound 

windiTui. 


would probably become overheated. Separately excited and 
compound wound machines behave in exactly the same way 
as regards brush displacement and excitation. 

When d.c. armatures are repaired or rewound, the armature 
winding may be changed by having tlie leads from one slot 
connected to a segment different from before. This means that 
the neutral zone then comes in a new place, and if the original 
brush position is maintained, it is equivalent to a brush dis- 
placement and may cause too great a voltage drop on load. 

(c) Wrongly Connected Compound Winding. In the case 
of compound wound d.c. machines, the voltage may drop, 
remain constant, or even rise between no-load and full load 
according to the strength of the compound winding. Machines 
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with these characteristics are referred to respectively as 
under-compoiincl&l , level compounded, and over -compounded. 

To make this point clear. Fig. 92 gives curves showing 
terminal voltage in relation to load current of a d.c. generator 
of 700 kW. output, operating as a pure shunt wound generator, 
with se])arate excitation and as a compound generator with 
normal and with only a small degree of compounding. This 
alteration was done by connecting a resistance in parallel witli 
the compound winding. For certain drives a reverse compound 
winding may even be necessary. The voltage drop between 
no-loa(l and full load is then even larger than it is when operat- 
ing as a y)ure shunt wound 
machine. Curve 4 show^s the 
variation of the terminal 
voltage w^ith reverse 
eompounding. 

A compound wound gener- 
ator may therefore exhibit 

Fig 93 Kikli, \Vy:AKi:N,N(. ^OO great a voltage (Iro]) if 

OF Main Cl HFtENT (\)NNF(Ti()Ns the compound winding lYRs 

an insufficient number of 
turns, if its diverting resistance is not of the correct value, 
or if it is reverse connected. When j)roperly connected, 
a compound winding should add to the effect of the shunt 
winding. To test if this is so, the generator with its compound 
winding switched out is loaded and the field current required 
to generate the rated voltage measured for any desired load 
current. Afterw^ards the experiment should be repeated with 
the compound w inding connected in circuit for the same volt- 
age and load current. Jf less field current is required with the 
compound winding, the compounding connection is correct. 

(rf) Wronglv Connected Interpole Winding. This fault 
also produces a large voltage drop on load and is characterized 
by much sparking. Chapter V, para. 2, deals with the correct 
connection of the interpole w inding. 

(e) Main Current Leads Wrongly Arranged Inside 
THE Machine. In machines for heavy currents and with few 
poles, a reverse compounding effect may occur due to the wrong 
arrangement of the main current leads from the brushes, as 
shown in Fig. 93. The brush leads A and B pass on the left 
and right of a magnetic pole and, with the direction of current 
shown, produce a reverse compounding effect. Hence, the 
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voltage variation on load is increased. If the current How is 
reversed, a compounding effect occurs due to the leads A and 
B, When such leads arc dismantled, it is important that the 
connections are afterwards assembled in the proper manner. 
This is particularly so when the leads wen m the fiist instance 
taken in parallel through the same interpolar sj)ace. 

(/) Excessive (X^ntact Resistance on the Commctator 
AND IN the Leads. Machines for veiy low voltage and high 
currents, such as are used in electro-chemical works, may have 
excessive voltage drop owing to the raising of the commutator 
contact resistance due to tarnishing and oxidation of the 
commutator surface or the use of the wrong grade of brush, 
as w(il as rough running of the brushes, whether flue to an 
out-of-round commutator or high mica segments. In the case 
of such special machines, with very low' rated voltage, these 
troubles alone are sufficient to reduce appreciably the terminal 
voltage. The replacement of metal gra])liite bruslies by carbon 
brushes (‘onsideralily increases the contafi resistance on the 
commutator, and usually overheating occurs simultaneously. 
Badly made connections in th(^ main current circuit or in the 
leads may become oxidized as the machine continues in ser- 
vice and also increase the voltage drop between the machine 
and the load. 

2. Fluctuations in the Load Current. \ ariations of this kind, 
unless caused by the consumer, can genei’ally be traced to the 
drive. The governor gear of the driving machine may not be 
operating properly or the transmission gear, such as pulleys, 
ropes or friction dri\x\s, may from time to time exhibit increased 
slipping. The prime mover also may be affect(‘d by the suddem 
loading of driving motors connee'ted on the supply. In addition, 
bad contacts in the exeiteT circuit may cause periodical varia- 
tions in the load currents. 

3. Unstable Load Sharing with Parallel Operation. The 

proper distribution of the load is achieved by means of the 
excitation in the case of shunt and compound wound generators 
operating in parallel. If the voltage variation between no-load 
and full load of one of the paralleled generators is very small, 
the slightest change in its excitation will produce a large load 
variation. If peak loads have to be taken, this machine will 
also take the main part. The cure for this is to increase the 
voltage drop, which is usually done by a suitable displacement 
of the brush rocker. 
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Compensated machines have a smaller voltage variation 
than machines without compensating windings. If both 
compensated and non-compensated macliines are working in 
parallel, the compensated machines should usually have their 
voltage variation increased by brush displacement. Unstable 
load distribution may also arise as a result of too large steppings 
of the field regulators, so that a small adjustment of the 
regulators causes a large alteration of field current. 

When large temporary variations in the load current occur 
on parallel connected generators without any obvious cause, 
they are generally due to bad contacts in the excitation circuit, 
whether in the field regulator or the connecting terminals. 

To ensure equal load distribution of parallel connected d.c. 
generators, the following conditions must be fulfilled. If 
distribution of the load proportional to the normal loading of 
individual generators is to be automatically achieved without 
varying the excitation, the parallel connected machines should 
have the same voltage variation and their driving machines 
the same speed drop between no-load and full load. 

Troubles connected with voltage regulators are discussed in 
Chapter XXXTTT, para. 3 {a). 

4. Unequal Load Distribution in Double Commutator 
Machines. In double commutator machines, the load distribu- 
tion between the parallel connected commutators often varies 
during operation. Current differences of 10 j^er cent and more 
may occur, mostly caused by unequal contact resistances on 
the commutator and in the leads. The cleaning of one com- 
mutator only is sufficient to cause the load distribution to alter 
quite considerably. In these machines, it is important to use 
the same brush grade on both commutators and to arrange the 
leads from the two commutators so that they have the same 
resistances. In order to ensure proper load distribution to the 
two machines an adjustable resistance, brought into operation 
as required, is often inserted in the leads of one commutator. 
Grenerally speaking, differences in the current loadings of the 
two commutators up to 10 per cent will have no adverse effect 
on the operation of the machine. 

5. Equalizing Connections for Compound Generators. In 
compound machines an equalizing connection (L in Fig. 94) 
of suitable cross-section should always be between the com- 
pound windings, otherwise stable parallel operation is not 
possible. If the switches marked 1, which are intended to close 
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the equalizing circuit, are made single-pole, they must be 
closed first when paralleling and tlie switches marked 2 after- 
wards. When switching out, the switches 2 must first be 
opened and then those marked 1. The s^^ itches 1 and 2 can 
also be united in a 3-pole switch. When connecting the 
ammeter ^ in a circuit, it should be noted that it must not be 
put in the lead from bus- bar to compound winding, since then 
inequalities in the generator currents cannot be noted, as an 
equalizing current may flow over the ecpializing cinmit . In the 
same way the single-pole overload switch sometimes used in 



Fig. 94. Method of iN.sEitTiN(i Equalizing Connections 
AND Correct Siti ation of the Ammeter and Aitomatk 
Switch for Comfoi nd Wocnd (Jenekatoks 


the main current circuit must be placed in the same })ole as the 
ammeter A, as shown in Fig. 94. If the arrangement is not 
carried out in this manner, one generator may operate as a 
motor after the overload switch has been tripped. 

6. Adjustment of the Voltage Variation of Parallel Connected 
Generators by means of Brush Displacement. In tlie case of 

small differences in the voltage variation sufficient adjustment 
can generally be effected by displacing the brushes. The 
permissible displacement is limited by its effecd on the commu- 
tation. As already mentioned, disj)Iacement of tlie brushes 
forwards causes increased voltage drop and displacement 
backwards reduces it. 

7. Adjustment of the Voltage Variation of Paralleled Com- 
pounded (Generators. An increased voltage drop of compound 
generators can be produced by the connection of a diverter 
resistance in parallel with the compound winding, the result 
being as in curves 1 and 2 of Fig. 92. In large machines the 
resistance of the compound winding is very small, and suffi- 
ciently small parallel resistances can be made of copper cable 
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or strip, which should be divided into suitable lengths by 
experiment. Very often a diverter resistance is provided with 
the macihine as a spare. Another expedient is to short-circuit 
the compound winding of a few poles, but care must be taken to 
see that the short-circuited poles are symmetrically distributed. 
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TROUBLES IN A.C. GENERATORS WHETHER OPERATING 
SINGLY OR IN PARALLEL 

1. Excessive Excitation on Load, ( a ) Power Factor. 
In an a.c. generator, the voltage variation between no-load 
and full load and at the saiue time the field current, depend 
very inudi on the wattless load ; and thus on the power factor. 
IiUTeasiiig the wattless load necessitates iiuTeased field current. 
The chief cause of too great a field current on load can thei'efore 
be attributed to too great wattless load. Fig. 95 contains 
curves for a three-phase generator giving the variation of 
the field current with the apparent load at a constant power 
factor, and also a curve showing the dependence of the field 
current on the power factor with full load and rated voltage 
If the voltage variation is plotted against the powTi factor, a 
curve is obtained like that in Fig. 96. 

Tt can be seen from the curves that in a range of })ower 
factors between 1*0 and 0*7 lagging, the exciter current shows a 
marked increase, while for powder factors between 0*7 and 0*4 
it increases very little more. If, for example, a generator 
supplied to operate with a power factor of 0*9 lagging has to 
give full apparent load and voltage at only 0*6 power factor, 
the ex(dtation cun’ent must be incTeased to a degree likely to 
result in overheating of the rotating field winding. When it is 
found that an a.c. generator is no longer su])plying the right 
voltage, the power factor at which it is working must always 
be taken into account before a correct conclusion can be reached 
(b) Speed Too Low. If the speed of a generator decreases 
v^ery much the network frequency may have changed, or wdien 
the generator is running not paralleled, it may be that due to 
troubles in the driving machinery the rated speed on full load 
cannot be maintained and the exciter current is increased too 
much in an endeavour to maintain the voltage. 

2. Fluctuations of the Load and the Load Current. Power 
and current fluctuations, apart from those caused by the con- 
sumer, may be due to troubles in the driving machines. In 
hydraulic turbines sticking of governor gear, slipping of the 
driving belts, or too great play on gear drives may cause 
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Fid. 9.'). RkLATION IJKTWEKN THE ExCITEH Cl RHENT OF AN A C. 
Generator and the Load Power Factor and Vodtai.e 
CONSTA NT 

( 1 ) (’o^ 0 1 ( 2 ) (’OS 4> 0 7 . (:t) (’os 0 0 4 . 

(4) Kelatioii botvocMi oxi itoi ciuiont ami i) 0 \ner factor ioi rated \oltago and 
lated output 
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temporary variations in output. In motor-generator sets driven 
by asynchronous motors, troubles may occur in the rotors of 
these motors. (See Chapter XIV, para. 1.) 

Causes of trouble arising in the gencTator itself include 
rotating fields that are very out-of-round, usually in < onjunction 
with an oiit-of-round stator, troubles in tlie evciter and on the 
slip-rings due to temporary breaks in these cinniits or due to 
vibrating contacts in the field regulator, or temporary short 
circuits in the rotating held. 

3. Unequal Load Distribution with Parallel Operation. While 
in the case of d c. generators operating in parallel, an iiuTease 
in the ex(‘itation and tlius in the terminal voltage increases the 
proportion of load tak(m, an a.c. generator operating in parallel 
does not alter its output ^\llen the excitation is increased. 
Alteration of the excitation only affects the wattless load, and 
the effective ()iit])ut can only be regulated hy altering the output 
of the driving machinery. To achieve automatic sharing of 
the effective output of generators operating in parallel, the 
governor gear of the driving machines must iiave the same 
characteristics, and if the wattless load is to be automatically 
and equally shared b\ the paralleled generators, the voltage 
regulation must also be equal. When several general ors are 
jointly controlled by having their field regulators mechanically 
cou])led, the exciters should have similar voltage curves and 
the same voltage regulation, and in addition, the steppings of 
the field regulators should be the same. 

The adjustment of voltage regulators should be looked up 
in Chapter XXXIll, para. 3 (h). 

4. Hunting of Machines in Parallel Operation. Synchronous 
machines will not /lunf of themselves, and the disturbing 
force must come from outside. This impulse may be mechanical 
from the driving machine or electrical from the sujiply. 

lIuniitKj caused by mechanical means is likely to arise in 
synchronous generators driven by reciprocating engines such 
as steam engines or internal combustion engines. The torque 
of these varies periodically during one revolution, and as a 
result of this variation the driven rotating field is alternately 
ae(‘elerated and retarded, i.e. it varies periodically from a 
certain average angular velocity. Usually these variations in 
speed are only apparent as small changes from the average 
readings shown on the current and w^attmeters, and the gen- 
erator is then said to hunt. The current and load fluctuations 

II (T^i) 
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may, however, increase so much that the generator eventually 
falls out of step. Generally, this trouble cannot be ascribed 
to the frequency of the torque impulse, since nowadays 
the manufacturers of drying machines and generators take 
care that the impulse frequency of the prime mover is sufficiently 
above tlie natural frequency of the generator to prevent 
hunting. On the other hand, troubles in the driving machine 
or its governor may cause temporary periodi(*al torque im])ul8es 
having a frequency near that of the natural frequency of the 
generator, and so cause hunting. Varying steam pressures 
resulting in different outputs from different cylinders, faults in 
the governor, or unsuitable natural frequency of the governor, 
are troubles of this type. 

Hunting can also be caused from the supply end when other 
generators or synchronous motors coupled to reciprocating 
machines are on the same sup])ly, and when these, as a result 
of faults either in the flrivcn or driving ])aTts, transmit peri- 
odical load impulses. If the frequency of these is nearly the 
same as the natural frecjiicncy of a generator, hunting may 
develop. 

If hunting in a generator reaches a dangerous magnitude, 
the driving machine and the supply must first be investigated 
to find if they are the cause. It is desirable in such cases to 
consult experts from the makers of the prime mover. Often 
faults can be cured or reduced by changes to the govenujr 
gear. If the cause cannot be found in the driving machine or 
sui)ply, it may be necessary under some circumstances to alter 
the generator by adding to it as strong a damper winding as 
possible. The addition ol‘ choke coils often effects an improve- 
ment but these also increase the voltage drop. Swunburne and 
Kolben suggest for certain cases the building in of equalizing 
reactors.* 

5. Circulating Currents in Parallel Operation. WJien the 
excitation of generators working in parallel is properly adjusted 
no circulating current will flow between the machines juovided 
the wave forms are not appreciably different. If. liowever, 
machines with very different w^ave forms have to work in 
parallel, even when the excitation is correct, circulating 
currents of harmonic frequencies wdll occur. 

In modern machines there are usually only quite small 
differences between wave forms, so that such troubles rarely 
* Kittler: Wevhselstrommnschmen^ 1910. B(1 p 20’> (in German) 
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arise. When, however, modem machines have to run in parallel 
with old types, ex(‘essive oireiilating currents may occur, and 
as it is usually not practicable to reconstruct tlie old machine, 
equalizing reactors should be added as already meniioned in 
the previous section. 

A.C. generators operating in parallel with the star points 
brought out to provide the a.(*. supply witl) a neutral conductor 
may have wave forms differing very greatly fiom on^ another, 
which give rise to circulating currents over the bus-bar neutral 
conductors. The following is an actual example of this An 
old three-phase generator lor 57 kVA., 200 volts, 104 amperes, 
w^as running in parallel with a three-j)hase generator of very 
ro(*ent design for 170 kVA., 200 volts, 490 amj)eres. Even with 
no load on the generators and with the generator cut off from 
the supply, tliere occurred a circulating current of triple fre- 
quency wdiich, with excitation to give normal voltage, reached 
a value of 105 amperes. 

By the addition of a suitable choke coil, this circulating 
current w as rcdu(*ed to the more reasonable value of 5 amperes. 
When measuring eircmlating currents ol high freejueneies it 
should be noted that the usual types ol instruments may 
register incorrectly. Hot-wire instruments are not affected. 

6. Reversal of Polarity and Demagnetization of Exciters. If 
the field of an exciter is (piickly decreased, or even interrupted 
and switched in again after an interval of only a few seconds, 
a reversal of Hie exciter polarity may occur as a result of the 
effect of the magnetic energy of the main rotating field. This 
can best be ex})lained b^^ reference to Fig. 97 (a) and (b). The 
arrows show tlie direction of the current in the main rotating 
field, and the exciter armature and field winding. When in 
normal operation, the rotating field is consuming the (*urrent 
(Fig. 97 (a) ). If the shunt regulator is moved to give a marked 
increase in the resistance, or if the circuit of the exciter field 
winding is broken, and then closed again, the generated voltage 
of the exciter decreases, the exciter current at the same time 
decreasing rapidly, while the main field flux variation, as a 
result of the decreasing current in the rotating field, tries to 
maintain the current. Thus when the interruption time and 
re-excitation time of the exciter reacli a critical value, a new 
direction of current may be established as in Fig. 97 (6). The 
rotating field, instead of being a current consumer, is for a brief 
time a current producer and for(*es through the exciter field a 
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reverse current causing the exciter to build up with reversed 
polarity. 

Reversal of the polarity depends very much on the brush 
placing of the exciter and the time taken for the switching out 
and switching in again of the field windings. 

Instead of having reversed polarity the exciter may merely 
become demagnetized. Its residual voltage is so reduced by 
this that it is no longer sufficient with the resistances existing 
in the exciter circuit to establish self excitation. Reversal of 
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Fig. 97. Keversal of Polarity in an Exciter 

(tf) (hirreni path for normal opcr.it ion. (ft) Current path (liiriiijz reversal. 

(1) liotating field winding. (Jl) Field winding of exciter. 

(2) Armature of exciter. (4) Field regulator. 


polarity may, in addition, be caused by the interaction between 
the generator stator and the main field which occurs at sudden 
short circuiting of the stator winding of a generator. 

Various measures can be taken to prevent reversal of polarity 
and demagnetizing — 

(i) The brushes on the exciter may be displaced opposite 
to the direction of rotation as far as is practicable without 
spoiling the commutation. Generally, a displacement to the 
extent of one or two segments is sufficient. 

(ii) An auxiliary compound winding may be introduced on 
the field winding of the exciter, which supports the effect of the 
shunt winding. 

(iii) Short-circuited turns may be placed round the field 
poles of the exciter. 

(iv) The duration of time between switching out and switching 
in again of the excitation may be lengthened, and the too rapid 
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increase in shunt resistance may be lessened by slowly adjust- 
ing the field regulator. The maximum time that should be 
allowed to elapse before the shunt excitation is switched in 
again may be simply determined by expei iment. Generally, an 
interval of between 10 and 30 sec. is sufiicient. 



CHAPTER XI 


TROUBLES IN STARTING-UP AND OPERATING ROTARY 
CONVERTERS 

1. Troubles in Starting. The faetons wlnCh may impede or 
entirely prevent the starting of a rotai’N' converter vary accord- 
ing to the method of starting. On the alternating current side, 
asynchronously started converters behave like synclironous 
motors. The starting troubles described in Chapter XII, para 
5, may therefore also occur on converters. 

In converters which are started by a special asynclironous 
motor, troubles may originate in the motor as set out in 
Chapter XII, para. 3. On the direct current side, converters 
may have the starting troubles described in Chapter XII, 
para. 2. 

(a) Staktino Voltage is Too Low. The starting voltage 
for rotary converters which run up to speed asynchronously 
is usually between 20 and 30 per cent ol' the normal a.c. 
voltage. It frequently cannot be made as high as might be 
desired on account of starting current or, in the case of 
converters which run without brush -raising gear, because of 
sparking. 

Apart from too low supply voltage find faults in the starting 
transformer, tlic starting voltage may be too low due to exces- 
sive losses in the leads to the machine. Tliis, however, is very 
rare and almost always occairs with heavy current converters 
which are usually staited by an asynchronous motor. On such 
units the starting currents on the alternating current side may 
reach values of many thousands of fimperes, and wlien the 
bars are wTongly arranged quite considerable inductive volt- 
age drops may <»^ cur. The tapping voltage may be reduced 
by a few volts and the converter fail to start. When installing 
such heavy current conductors, care must be taken to construct 
the leads to and from wdth the least possible drop and to pre- 
vent, as far as practicable, any loss of volts. Also the indi- 
vidual parallel bars of each phase must be intermingled, as 
shown in Fig. 98. For the usual voltages, the differences can 
be kept extremely small. The length of tlie leads should be 
a minimum. In such sets the transformer and converter should 
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be fixed very near to one another, and if the strips have to be 
taken through iron casings or floor coverings, the plates must 
be slotted ; or else non-magnetic covers used. 

The lead losses described also reduce the direct current 
voltage in normal operation. At the higher voltages, the 
influence is, however, not so great. 

(6) Field Winding has Excessive Voltage. If rotary 
converters are started from the alternating current side with 
the field winding open, high voltages may be induced in the 
field coils. This may cause flash-over of the field coils to the 
iron or the adjacent winding parts, as well as puncture between 
single layers and turns of the field coils. When using this 
procedure for starting up, the field winding must always be 
short-circuited through the field regulator. 

The best position is usually that which 
happens to correspond to the excitation 
for normal operation at unity power 
factor. 

(c) Blac^kened Commutator. Asyn- 
(‘hronously started converters may have 
commutator segments blackened at points 
e(|ually spaced round the commutator. 

This blackening depends to some extent 
on the magnitude of the starting cur- 
rent but also on the brush grade, and usually disappears 
quickly after subsequent operation of the machine. With 
excessive but equally spaced buniing, either of single or many 
segments — for example, every second, third, or fourth bar — 
the first thing to be (‘onsidered is whether the starting voltage 
has been i*aised too high or whether the wrong grade of brush is 
fitted. For the case of marked burning of individual segments 
or segment groups, t]*aceable to irregularities in the pole dis- 
tribution or the slip-ring connections, see Chapter V, para. 
6 (?y?) dealing with winding faults in the armature. 

( d ) Other (Causes of Starting Troubles. In addition to 
faults in the supply or in the starting transformer such as open 
circuits or wrongly connected leads, the starting may be spoilt 
by open circuits or short circuits in the armature between 
layers or turns, or in the damper winding, or by short-circuited 
field coils. 

Open circuits may be due to the breaking of a slip-ring lead, 
or wearing out or sticking of slip-ring brushes. Less common 
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causes are the unsoldering of the winding ends or even a break 
in a conductor. 

2. Troubles when Synchronizing Asynchronously Started 
Converters. (6/) Starting Voltage is Too Low. In rotary 
converters, just as in synchronous motors, the synchronizing 
can be prevented or hindered by too low a starting voltage on 
the a.c. side. In addition to faults in the supply or starting 
transformer, wrong choice of tapping- — particularly in heavy 
current converters, or too great voltage drop in the leads, can 
lower the starting voltage. This possibility was discussed in 
Chapter XI, para. 1 (a). 

Rotary converters synchronize best at a starting voltage of 
15 to 25 per cent of the rated voltage on the a.c. side. 

(ft) Field Winding is Wrongly Connected. A rotary 
converter can be brought into synchronism only with great 
difficulty or not at all if the leads of the field winding are 
reversed. If, however, synchronism has already been reached, 
at a certain excitation the converter will again fall out of 
step. A converter which is not in synchronism will spark on 
the commutator at the slip frequency. 

(c) Exciter Circuit is iNTERRirpTED. A break in the 
excitation circuit, whether in the field winding or field regulator, 
will generally prevent a converter from synchronizing. 

(d) Damper Winding has Too High Resistance. The 
synchronizing will be prevented when the resistance and 
consequently the slip arc too great due to overheating, bad 
contacts, or breaks in the bars of the damper winding. 

(e) Polarity is Wrong on the D.C. Side. In the case of 
a self-excited converter started from the a.c. side, the polarity 
existing on the d.c. side depends entirely on chance. If a 
converter has been synchronized with the wrong polarity, the 
rotor must be allowed to slip a pole pitch to achieve the right 
polarity. This slipping into the proper pole position can be 
done by two methods. 

(i) By breaking the a.c. leads for a short time. 

(ii) By switching out the field winding for a short time, 
during which the rotor slips out of the wrong synchronism, 
and on attaining the new position is synchronized again with 
the field winding properly connected. The moment of switching 
can be easily found by observation with a d.c. voltmeter, after 
a little practice. It is obvious that this switching out must 
be done in the starting connection with the tap-voltage. 
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(/) Current Surges Dtje to Switching the Full Supply 
Voltage on the Excited Converter. With this switching 
process, the conditions are the same as for switching in a 
synchronous motor (see Chapter XII, para. 6). With self- 
excited converters the field regulator should from the start be 
kept in tlie normal operating position, since the necessary 
excitation for full supply voltage cannot be obtained because 
the self-excitation and the d.e. voltage are reduced on the 
starting up step. With separately excited converters the best 
excitation is usually set in the starting jjobition. 

In converters, as in synchronous motors, the switching-in 
surge can be very much reduced by using choke coils as in 
Fig. 99. It is, however, necessary to wait for a few seconds in 


the intermediate position when 
switclies 1 and 2 are open. As an 
example of this, a six-phase con- 
verter of 2 000 kW. can be quoted. 
With immediate switching in with- 
out using the choke coils the 
current surge measured on the slip- 
ring side amounted to about 90 per 
cent of the rated current; after 
waiting 8 sec. a current surge of 
only about 15 per cent of the rated 
current was measured. 
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3. Voltage Regulation of Rotary 
Converters. In rotary converters, 
the regulation of the d.c. voltage 
cannot be done solely by varying 
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the excitation but must be effected by adjust ment of the alter- 


nating voltage. 


The ratio 


a.c. voltage 
d.c. voltage 


docs not vary greatly 


from no-load to full load and amounts for three-phase con- 


verters to 0d>-0-7 and with six-phase converters to 0*7-()*8. 

The regulation of the a.c. voltage may be effected by tapped 
transformers, induction regulators, booster machines, or by 
varying the excitation when there are transformers or choke 
coils having sufficient reactance on the a.c. side. 

This last type of voltage regulation causes an increase in 
the copper losses due to the increased wattless current. The 
reactance of the transformer and of the choke coils is there- 


fore chosen as large as possible in order to obtain sufficient 
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regulation with the least wattless current, that is to say, with a 
high power factor. In general, a wattless current of the order 
of 30 to 40 per cent of the rated wattful current is permissible. 
The output must, however, be reduced by 10 to 20 per cent 
to allow for the increased heating due to the higher current. 

When troubles arise in connection with the regulation of the 
d.c. voltage, the voltages on the a.c. side should be measured 
in the first place. When regulating with tapped transformers, 
the trouble may be due to the regulator switch sticking, wrong 
keying of the driving motor, or wrong placing of chains or 
ropes between switch and motor. The working instructions 
for the tap])ing switch will contain precise direc-tions for fixing 
the driving parts, and chains and gears are usually assembled 
in their correct positions in the workshoj). Wljen regulating 
with induction regulators a break in the potential winding may 
be the cause of the trouble. Jf additional machines are used 
for regulation on either the a.c. or d.c. side, faults in their field 
circuits may cause trouble and they must be tested as described 
above. Troubles may also be caused as described in (^ha})ter 
VIII, para. 3. 

4. Troubles During Operation. (</) Excessive Voj/i’age 
Variation. The voltage drop between no-load and full load 
in a rotary converter without a compound winding usually 
amounts to 2-5 per cent. By adding a coni]>oun(l winding, this 
value can be altered in exactly the same w^ay as for a d.c. 
machine. A small variation can also be obtained by displacing 
the brushes, the extent of displacement being obviously limited 
by its effect on the commutation. Apart from voltage drops 
on the a.c. side which may become too great on account of the 
current, the main causes of excessive voltage variation are 
incorrect brush position (brushes too much displaced), wrong 
connection of compound and interpole windings, and wrong 
excitation. 

( b ) Unequal Load Distribution in Parallel Operation. 
To attain an equal distribution of the load between two 
converters running in parallel, the voltage variation of the 
converters must be as nearly as possible the same. Since the 
voltage variation is influenced also by the voltage drops in 
associated transformers, (there is a fixed relationship between 
the a.c. and d.c. voltage of a converter) — the drop in the trans- 
formers must be equal and for heavy current converters the 
drops in the leads must also be equal. The converter can, to 
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a small extent, be adjusted by brush displacement, displace- 
ment of the brushes forward out of the neutral zone increasing 
the voltage drop, and displacement backwards decreasing it. 
With excessive voltage drop in a converter, the load on the 
d.c. side is reduced. 

The load distribution on the d c. side can only be properly 
controlled by the excitation vhen the converter is (*onnected to 
the supply on the a.c. side through a transformer, or if suitable 
additional choke coils are added. The a.c. voltage, and as a 
result the d.c. voltage and the loading, are raised by over- 
exciting the converter, while under-excitation decreases them. 
The increased uattless currenl increases the copj)er losses in 
the converter and on this account the variation in excitation 
should not be taken too iar. 

The a.c. voltage itself and consequently the loading of the 
d.c. side can also be regulated by tap])cd transformers and 
induction regulators and by booster machines 

(c) ClKCHTLATlNG ClJRRKNT WITH PARALLEL OPERATION 
Rotary (*onverters do not run well in ])arallel unless trans- 
formers or choke coils are inserted on the a.c. side. On account 
of the small internal voltage drops, small differences in the 
resistan(‘es, i.e. the brush contact resistances or the winding 
resistances, can completely spoil the load distribution by 
unequal heating. It may even happen that direct currents 
circulate on the a.c. side. Every converter must therefore have 
its own transformer to ensure a jiroper load distribution, and 
the connection of several converters to a supply all using the 
same transformer is not practicable. At the same time, it is 
not permissible to connect star-points of different transformers 
on the converter side, since this may facilitate the flow of 
circulating currents. 

((J) Hunting and Falling Out of Step. A converter will 
hunt when rapid variations in the loading take place. Short 
circuits may also cause the machine to fall out of step. Since 
the field poles of converters are usually laminated, a damper 
winding is built in to ensure the necessary synchronizing torque. 
If the damper bars gradually become unsoldered, the resistance 
of the damper winding is increased, its effect lessened and there 
is the danger of hunting. In addition, a very much under- 
excited converter is inclined to hunt, and when this takes place, 
sparking can usually be observed on the commutator. 

(e) Racing. When switching off a converter running in 
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parallel from the a.c. supply without simultaneous disconnec- 
tion on the d.c. side, the converter, if under excited, may 
accelerate to a dangerously hi<ih speed. For protection against 
this, centrifugal switches are built in which trip out the switch 
on the d.c. side as soon as too high a speed occurs, that is, a 
speed 15 to 20 per cent above the rated speed. 

A converter working in the opposite direction from d.c. to 
a.c. supply which is not paralleled on the a.c. side and thus 
kept in synchronism, may attain an undesirably high speed 
with pure no-load operation due to the field weakening effect 
of wattless current. The same danger exists in this type of 
converter due to short circuits in the a.c. supply. 

5. Parallel Operation with D.C. Machines or Batteries. A 
converter working in parallel with d.c. machines or batteries 
takes over the largest part of the load in the case of peak loads, 
on account of its small voltage variation. To a small extent, 
equal load distribution can be attained by displacing the 
commutator brushes. It is often necessary, however, to put 
on the main yioles a weak revei’se compound winding or to 
provide additional choke coils on the a.c. side. 



CHAPTER XII 

STARTING TROUBLES OF MOTORS 

!• Mechanical Causes of Starting Troubles, ( a ) Driven Appar- 
atus Out of Order. Sticking or wearing of the bearings due 
to excessively tight jmlleys, obstruction in stone-breaking 
machinery or mills, erroneously closed exhaust valves of 
reciprocating compressors, open dampers in exhaust fans or 
open pressure valves in blowers and pumps, too tight stuffing 
boxes, and numerous other conditions may cause the requiied 
starting torque to i)e excessively increased. The torque of the 
motor is then not sufficient to accelerate the macliine u]) to 
speed, or else, due to increased load, the machine will not 
operate at full speed. This is particularly common in a.c. 
squirrel cage motors which, to reduce the starting current, 
are started with decreased voltage and (*onsequently decreased 
torque, as when star-delta starters or auto-transtormers are 
used. Also in the case of asynchronous motors with starting 
resistances on the rotor, having the steps shoi’t-circuited 
successively by centrifugal switches during acceleration, the 
switching out of one or more steps may be prevented due to 
too great a load torque. The motor ‘'locks in’’ at too low a 
speed and there is the danger that the resistances in circuit 
will be burnt out. When the drive has many bearings, the 
torque may be increased (excessively solely because the 
machinery has been stationary for too long. 

(b) Mechanical Faults us the Motor. The most import- 
ant mechanical faults in the iiiotoi* itself are rubbing of the 
rotor due to melting out of the bearings or bent shaft, seized 
up bearings, or jammed rotor. 

The bearing clearance of motors may become too great due 
to ingress of sand, cement, or metallic dust when refilling with 
oil ; these act as grinding agents and cause wear on the bearing 
and shaft. The ingress of such foreign matter into the bearing 
is generally due to carelessness in dirty and dusty situations 
resulting in oil reservoir covers, filling holes or bearing caps 
being left open. Less often the trouble is due to unsuitable 
bearings. Too much bearing clearance leads eventually to so 
much displacement of the rotor that on account of the 
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increasing unbalanced magnetic pull it '‘pulls over.” Asyn- 
chronous motors, which generally have a small air gap, are 
prone to this trouble. The cause for the rubbirig of a rotor can 
also in some cases be traced to too great a deflection of the 
shaft caused by excessive pull on the belt, vhich may arise as 
a result of using too small a ])ullcy. 

Difficulty in starting due to the presence of foreign bodies 
which have been drawn into the air ga}) between stator and 
rotor seldom occur. When they do arise, it is generally as a 
result of the carelessness of the erection or maintenance staff*. 

[ If a rotor commences rubbing, a loud humming combined 

with vibration is always apparent. 
Stator and rotor laminations are 
polished where they rub, and 
exhibit signs of heating. 

2 . Starting Troubles in D.C. 
Motors, (a) Leads and Main 
Circuit ark Broken, it is not 
necessary to disciuss here the most 
important faults in the leads sucli 
as blown or i mproperly fixed fuses, 
burnt contacts in switches, or open 
circuits in starters. Any practical man will always examine 
these parts of the plan^ first if starting trouble arises. Breaks 
in the main circuit may also occur in the interpole or compound 
winding, or in the connections betw^een the brushes and arma- 
ture windings, if the brushes are not resting on the commutator. 

(6) Damaged Shunt Regulator. In d c. shunt motors 
when the field regulator or connections to the field winding 
have an open circuit, the motor will not carry load and if 
unloaded it may run away. This danger is even greater with 
compound wound motors liaving a very strong (*ompound 
winding. These faults may develop while on full load, in which 
case the curreui taken is very large and the fuse blow\s or the 
protect iv e devices are tripped. 

(c) Wrong Field Winding Connections. D.c. motors 
also may not start if they are wTongly connected. If, for 
example, the leads to the field winding are, as in Fig. 100, 
wrongly connected inside the starter, so that the field winding 
receives only a small voltage, the poles are only slightly excited 
and the motor cannot develop its full torque. When switching 
out the starter the current in the field winding increases, and 
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an unloaded motor will start and then work properly wlien the 
short-circuit position of the starter is reached. Fig. 100 shows 
also the proper connection. In starters with three terminals, 
this fault is also likely to occur as a result of the main leads 
being wrongly connected. For examx)le, th(‘ supply may be 
incorrectly connected on E and the motor on L, instead of 
the proper arrangement, as shoA^n in Fig. 101 (a) where the 
armature terminal A is connected to R and the supply to L. 

Another wrong connection is shown in Fig. 101 (6). Here 
the leads of the motor are crossed over, the motor will not 
carry any load, and will even burn out on no-load. 




Kj(;. 101. ( a ) Hu.Jir avi> (/>) Whon(. (’onmjction of a DC Shi \t 
Woi M> Moron wo Sr^irjHU 


{(i) Field Winding Open-cuhccited ok Wronglv Con- 
NEC^TED. The torque is very much reduced by a break in the 
field winding of a d.c. motor of any type, as Avell as by incorrectly 
connected or partially short-circuited field coils. When the 
field is open-circuited, the unloaded motor will '‘run away” 
with considerable sparking and tend to burn out. If the motor 
is sufficiently heavily loaded, it will not start at all and will 
take a large current. On switching out further resistance steps 
on the starter, the protective gear will trip out. If single poles 
are reverse-connected or short-circuited, the motor will either 
fail to move or accelerate rapidly, a(*cording to the load. In 
the latter case, how^ever, it will exceed the rated speed and 
take an abnormal current. 

(e) Field Winding has Short Cfrcujts or Bheakdow^ns to 
Earth. Due to the various types of short circuits between turns 
or layers in the field w inding enumerated in Chaj)ter VI 1 1, para. 
3 {(i) as well as the breakdowns between the iron and other 
windings shown diagrammatically in Figs. 86 and 87. the field 
can bd so weakened that the motor either will not start even at 
light lj)ad. or will reach too high a speed in its unloaded state. 
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(/) Short-circuited or Open-circuited Armature Wind- 
ing. Short circuits or open circuits in the armature winding 
will also cause the motor to fail to start or prevent it from 
reaching its normal speed. When there is a short circuit in 
the armature, excessive current is taken, there is rapid over- 
heating of tlie short-circuited layers or coils at the affected 
place, and the associated commutator segments spark. The 
armature of the stationary motor can then usually only be 
moved in jerks. With an open circuit in the armature, con- 
siderable sparking on the commutator segments belonging to 
the damaged coil also occurs and frecpiently, as a result of 
this, the mica between the segments is burned. 

(^) Compound Wtndincj Wrongly Connected. When the 
main current winding of a compound motor is wrongly con- 
nected, the shunt winding and com})Ound winding may par- 
tially cancel one another, resulting in a decreased starting 
torque. 

It is convenient to describe here how to determine if the 
connection of the ('ompound winding is correct. The motor 
should be uncou})led, or with belt drive the belt may be 
removed, and it should then first be allowed to run with normal 
connection with the shunt winding in circuit and tlie direction 
of rotation noted. Afterwards a lead to the shunt winding is 
broken and the starttjr switched in again, beginning from 
standstill and proceeding until the motor begins to rotate 
definitely in one direction, either by itself or after a push. 
Since the motor has a tendency to run away, it must be‘ imme- 
diately switched out after the direction of rotation if- estab- 
lished. If necessary, in this experiment the current may be 
increased for a short time to normal current. If the motor 
still turns in the same direction as before, the connection is 
right. If this is not the case, the compound winding mast be 
reversed. It must also be Jioted in this connection that, when 
altering tlie directum of rotation of a compound motor, the 
shunt winding terminals and the compound winding terminals 
must be changed over simultaneously. The proper connection 
of the compound winding can also be found by determining 
the speed drop of a compound motor between no-load and 
full load. This speed alteration is measured with the supply 
voltage as nearly constant as possible, first with the compound 
winding connected in the circuit, and then with it switched out 
or short-(urcuited. If it is properly connected, the speed 



STARTlN(i TKOUBLKH OF MOTORS 159 

differenc^^ttetween no-load and full load is greater with, than 
without, the compound winding. 

(A) Interpole Winding Wrongly Connected. If the 
bruslies arc set in the neutral zone a shunt motor, although 
its inter})ole winding is wrongly connected, will still run 
properly, but there is usually considerable sparking. 

(i) Inc'ohri^x't Brush Setting. A considerable displace- 
ment of the brushes out of the neutral zone reduces the 
torque. The starting is either adversely affected or the motor 
stalls. In any case, there is usually excessive sparking on the 
commutator. 

If the brushes of a shunt motor are displaced backwards out 
of the neutral position and the motor is under-excited, it may 
happen that on reaching a low speed it stalls, and afterwards its 
direction ol' rotation may even change. This trouble usually 
arises when the field winding is wrongly connected, as in Fig. 
100, or when the motor terminals are reversed, as in Fig. 
101 (a). 

The method of setting the brushes in the neutral })osition is 
outlined in Chapter V, para. 0 (c). 

3. Starting Troubles of Asynchronous Motors, {a) Leads 
ARE Open-circuited or Crossed Over. A.c. motors will not 
start if there is an open circuit in even one stator lead, but will 
only move in jerks with a marked humming noise. If, however, 
the motor is running at normal speed and an open (urcuit in a 
lead occurs, it will continue to run with normal torque. Current 
and sli]) are, however, so greatly increased that there is the 
danger of the windings being burnt out unless the motor 
starter has pi ()})crly-adj listed protective gear. In Fig. 102 an 
example is shown of how the output, speed, and current of a 
motor behave when it is properly connected, and also with an 
open circuit in one stator lead. In the last case, the motor 
can only handle 80 per cent to 90 per cent of the rated torque, 
and takes ap])roximately twice normal current. Motors with 
star-delta starters may have starting trouble due to mistakes 
in the connections between motor and starter; for example, 
the running connection may be in star instead of in delta. 

(6) Low Supply Voltage. With much reduced supply 
voltage, asynchronous motors will still develop sufficient 
starting torque if enough resistance is switched out in the 
starter, or in the case of squirrel cage motors with star-delta 
starting, if these are switched directly on to the delta position. 

12— (T.23) 
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In the case of squirrel cage motors equipf)ecl with auto- 
transformers, when the starting voltage is too low, the trans- 
former tapping should be altered to a higher value. 

(c) Open Circuit in the Rotor Starter. An asyiudironous 
motor, even though it has an open circuit in the connections 
in the rotor starter, will still run light. It will give 10 to 20 
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per cent of the rated torque without drawing excessive current. 
At higher loads, however, it will stall. 

(d) Starter is Unsuitable. An a.c. motor develops its 
maximum starting torque at a certain fixed most favourable 
value of the total rotor resistance. If this value is either 
exceeded or not reached, the torque is less. Fig. 103 shows the 
relation between the torque and current of an a.c. motor and 
the resistance in the rotor circuit. In Fig. 104 the torque of 
an asynchronous motor is shown relative to the speed with 
various rotor resistances. It can be seen from this that the 
speed at which maximum torque occurs varies according to 
the value of the resistance. The diagram also makes it clear 
that the starting current peak depends on the point and 
likewise the speed at which the starter is operated. When 
wrongly connected, the motor may be switched out by the 
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overload trips. In this respect, there is no difference between 
asynchronous and d.c. motors. 

Troubles in liquid starters are described in (^hapter XXVIII, 
para. 3. 

(c) Stator ok Rotor Winding is OFEN-cmcuiTEi). With 
open circuits in the stator or rotor winding, the motor will 
either not start or else starts wdth greatly diminished torque, 
according to the connection of the winding. When the open 
circuit occurs while the motor is running, it will reduce the 
maximum torque and increase the current consumption and 
slip. 

If squirrel-cage rotors have a few bars badly jointed the 
torque may be reduced and starting adversely affected. 
Loosely soldered coil ends on wound rotors will also s])oil the 
torque, as well as loose contacts on the short-circuiting 
mechanism. All these troubles can be identified by the fluc- 
tuations they cause in the stator current. In low capacity 
supply systems, flickering of the lamps connected to the same 
supply may even occur. Sudden humming noises together 
with vibration of the motor, wliich become louder and more 
violent as the motor is loaded, are signs of this type of trouble. 

Single-phase asynchronous motors which require an aux- 
iliary winding and special starting apparatus may liave the 
starting spoilt due to open circuits in the auxiliary winding or 
control gear. Very often in motors of old design which have for 
starting purposes an electrolytic condenser, starting troubles 
may be due to crystallizing or evaporation of the fluid. 

(/) Short Circuits in Stator or Rotor Windinck These 
short circuits may cause stalling of the motor when on load. 
While a short circuit in the stator allows the motor to accelerate 
with decreased torque, a motor wdth a short circuit in the rotor 
may not start and can only be moved in jerks. There is then 
usually marked humming and considerable local heating. The 
stator current will also vary if a rotor with a short circuit is 
moved out of its position of rest. Similar phenomena occur 
when not only single turns and layers are short-circuited but 
when a whole winding phase is cut out, whether this is due to 
insulation faults on the coil or phase connections, or to wrong 
connections on the terminal bar of the motor. 

In a.c. motors which are connected to the supply with an 
earthed neutral, a breakdown to earth of a part of the winding 
always means a short circuit. 



STARTING TROUBLES OF MOTORS 


163 


{ g ) In(jorrect Connection of Stator or Rotor Winding. 
This almost always means wrong connection of the winding 
leads on the terminal bar. A stator winding may be connected 
in star instead of in delta, which reduces the starting torque 
to about a third of what it would be with delta connection, and 
this torque is not always sufficient for starting under load. 
Motors which are designed for more than one voltage may have 
their connecting leads wrongly arranged for a voltage higher 
than the supply voltage. This again means decreased torque, 
since in a.c. motors the torque varies as the 
square of the terminal voltage. The wrong con- 
nection of the three phases as in Fig. 105 (a), in 
which the beginning and end of one pliase are 
reversed, instead of as in Fig. 105 (6), is also 
responsible for the failure of a motor to start 
against load. An unloaded motor with this 
kind of fault will, however, run up to speed, 
but not smoothly. Unusually loud humming 
occurs and the stator currents are very un- 
balanced and even at no-load amount to many 
times the normal current. 

Wrong (;onne(*tion of single eoils or coil groups 
becomes apparent in the same way. Humming hkjiit Con- 
and vibration start which, with parallel circuits nection of an 
in the stator, may reach such a degree as to ^tatob 

become excessive when the motor is running Connection 
light. It is generally extremely difficult to trace 
wrong connections in the stator or rotor. It is essential to have 
suitable measuring instruments and a source of current of 
which the voltage can be varied. In Chapter IT, para. 8 (a), 
a more detailed survey of such faults was given. All rotor 
faults have the common characteristic that whether the motor 
is running or merely rotated by hand, marked fluctuations of 
the stator current occur. 

( h ) Flash-overs Across Slip-ring Insulation. Flash- 
overs on slip-rings usually arise when switching in the motor 
with the rotor starter open -circuited. A condition always pre- 
disposing to this, however, is the fouling of the insulation 
by oil, carbon and other dust, or tracking caused by damp or 
chemicals. As a result of careless maintenance, the brush leads 
may even be in direct contact. In dirty and dusty situa- 
tions, the insulation between the slip-rings should be. cleaned 
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periodically, and accumulation of oil on these parts usually 
indicates that there is a leakage of oil from the adjacent bearing. 
In this case, of course, the bearing itself should be examined. 
Large collections of carbon dust in a short time are usually 
associated with the use of the wrong grade of brush, or the 
wrong brush pressure. Such causes of trouble and their cure 
are dealt with in Chapter IV, para. 7. 

Many maintenance engineers have the impression tliat wlien 
short circuits occur between slip-rings, high voltages arising at 
the moment of switching in are the cause of the trouble. This 
is not the case, however, since when a motor, having its rotor 
connected to the starter, is switched in, no voltages sufficiently 
dangerous to cause this trouble can arise in the rotor. One of 
the causes mentioned above should always be sought. 

4. Starting Troubles of Synchronous Induction Motors. 
Since these motors start as ordinary asynchronous motors, 
they are subject to the same starting troubles. The syn- 
chronizing of these machines is described in para. 6, belov . 

5. Starting Troubles of S 3 ^chronous Motors. The defects 
in the stator winding described in para. 3, above, causing 
starting troubles in asynchronous motors, apply equally to 
synchronous motors. Tn addition, troubles arise from too low 
starting voltage or from faults in the rotor. In synchronous 
motors with salient ])oh's, the smarting torque is created by 
the joint effect of the stator i*ot at ing field and the rotor currents. 
The latter occur either in the solid pole shoes or in special 
damper windings which are built in the pole shoes for the 
purpose of increasing the starting torque. 

(a) Starting Voltage is Too Small. Synchronous motors 
when starting by means of a tapped transformer have a re- 
duced starting voltage which is not adjustable in practice. 
With synchronous motors running up to speed light, it amounts 
to between 20 and 30 per cent of the normal voltage. In motors 
which have to o\ercome a certain load torque during starting 
up, the starting voltage lies between 40 and 75 per cent 
according to the value of this torque. 

The starting voltage cannot in this case be increased to any 
desired extent, since it is limited by the permissible current 
peak. Tn general, it is chosen sufficiently high so that for the 
worst starting conditions with cold bearings and bad rotor 
position, at least 10 per cent excess voltage is available. If, 
however, the supply voltage of a plant drops about 15 per cent 
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it may happen that the machines will only start up at a very 
few positions of the rotor, or perhaps not at all. Since the 
bearing friction decreases greatly immediately after starting, 
it is often a good plan to turn the rotor round by hand before 
switching in the machine in order that oil may be drawn on 
to the shaft inside the bearings. If the supply voltage is 
permanently decreased, a higher voltage step must be con- 
nected on the starting transformer. If this, however, is not 
practicable, either the transformer must be altered or the 
starting conditions of the 
machine improved by arrang- 
ing a pressure oil sup})ly to the 
bearings. By supplying a small 
quantity of oil to the centre of 
the lower bearing shell, under a 
pressure of 20-30 atmospheres, 
the starting voltage required for 
synchronous motors running up 
light can be quite considerably 
reduced. These measures, how- 
ever, will probably not affect 
the starting of synchronous 
motors on load. 

In a few cases, small syn- 
chronous motors are switched 
on the full supj)ly voltage 
through choke coils which, when the full speed has been 
reached, are cut out. In this case also, too large a drop in the 
supply voltage will make the starting voltage too low. To 
cure this, the reactance of the choke coils must be reduced, 
and since such chokes almost invariably have iron (*ores and air 
gaps, this is very simply done by increasing the air gap. If 
this is not successful, however, the number of turns of the coil 
must be reduced. 

(b) Damper Winding Broken. Damper windings used for 
starting are made of either copper, brass or bronze. The 
damper bars are usually riveted to the damper rings and silver 
soldered. In spite of this, however, heating may cause them 
to come unsoldered and spoil the starting. The junction pieces 
between the segments, of which the ring is formed may also 
have bad contacts or even be left out with a similar result. 

(r) Rotating Field Winding is Short-circtuted. As a 
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rule, synchrono^if*, motors accelerate better when their rotating 
field winding is either left open or connected in series with a 
resistance of/ 'a value several times that of the winding resist- 
ance. The >6tarting is usually bad with a short-circuited field. 
The switch usually inserted between the rotating field and the 
exciter should be open. Fig. 106 (a) shows a typical simplified 
diagram of the starting connections. If the rotating field during 
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starting is connected to the exciter, a special starting resistance 
is usually added, which is cut out on attaining the rated speed 
as in Fig. 106 (6). 

The starting can also be spoilt by short circuits between the 
turns of individual field coils. 

In Fig. 107 a few characteristic curves are given. They 
were taken during the running up to speed of a synchronous 
motor driving a compressor. 

6. Troubles in Ssmehronizing Synchronous Motors, (a) Load 
Torque is Too Great. A synchronous motor can only 
be synchronized with certainty against a definite maximum 
load torque. If this is exceeded owing to any trouble on the 
driven machine, it is no longer possible for the motor to pull 
into step. Such a cause of trouble may, for example, occur on 
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compressor and blower drives where the bad sealing arrange- 
ments of the piping on the exhaust side cause the com- 
pressor to have while accelerating a certain load, and the 
motor to be too heavily loaded to allow it to synchronize. 
In the case of pumps, insufficiently closed valves may cause too 
large an increase in the torque during acceleration. 

( b ) Starting Voltage is Too Low. The synchronizing of 
a motor may also be prevented by too low a starting voltage. 
Synchronous motors which are only used for power factor 
correction, and consequently run unloaded, will usually pull 
into step with tlic cjorrect polarity on reaching the rated speed 
on the starting step, and without excitation. If, however, with 
too low voltage this is no longer possible, the macliine can 
always be brought into step by applying the proper excitation. 
This is not the case for machines which are loaded at the start 
and wliich, with applied excitation, must })ull into step from 
a definite slip. Too low a voltage causes an excessive increase 
of the slip of the motor wJiile it is still running asynchronously, 
and it cannot then be synchronized. 

The synchronizing of syiKjhronous motors on a steady supply 
is naturally much easier than on a fluctuating supply. 

Synchronous machines running up to speed, unloaded, usually 
pull into step without excitation at about 15 to 25 ])er cent 
of the normal voltage. When the running up to speed lias to 
be done under load, the value of the voltage to ensure syn- 
chronizing, even with sufficiently small slip, is much higher 
according to the actual load torque. 

According to the starting procedure adopted, the change- 
over from starting voltage to full voltage may take place in 
one or two steps. The switching in of the excitation in the 
latter case is made at that voltage at which the motor 
previously pulled into step without excitation. When it is 
permissible from the point of view of current peak, the machine 
may even be switched on the full voltage and afterwards 
excited. In order, however, to reduce the peak at switching in, 
it is better to synchronize the motor first and afterwards switch 
it on to full supply voltage. 

If the starting voltage is actually too low and synchronizing 
impossible, the transformer must be altered by choosing another 
tapping. Transformers are usually supplied with two or more 
tappings to facilitate a raising of the starting voltage by 5 to 
10 per cent. 
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(c) Excessive Resistance of Damper Winding. Syn- 
chronous motors for starting on load often have laminated 
poles and a damper winding instead of solid })ole shoes, in 
order to produce siitlieient starting torque. The synchronizing 
of these motors may he made difficult by excessive heating, 
bad contacts, breaking of bars of the damper winding, or too 
high resistance and consequently too great sli]). 

In this case, the synchronous 
machine pulls in to step with 
the wrong ])olarity. This con- 
dition is recognizable wdien, after 
the excitation is switched on, the 
stator current does not drop to 
its minimium value at cos 0 - 1 . 
The stato!' current may even first 
rise with increasing ex(‘itation, 
exceed a maximum value of 50 
to 100 per cent normal current, 
and then decrease to become a 
minimum at the ])ro])er excita- 
tion. At the instant that the 
stator current reaches its highest 
value, the rotating field slips 
back one pole pitch. The current 
values taken c()iTes]K)iid to start- 
ing with a voltage of 30 to 40 ])er 
cent normal voltage If this 
takes place at full siqqJy voltage, 
the stator current is usually larger than the full load (‘urrent 
at the moment of slipping of the rotating field. 

(e) Current Surges on Switching the Full Supply 
Voltage on the Excited Synchronous Motor. To keep the 
current surges caused by switching from starting voltage to 
full supply voltage as small as possible, a suitable excitation 
of the motor on the starting position is necessary. This most 
favourable value of the excitation is in the neighbourhood of 
the excitation for no-load at normal voltage and with cos ^ 
= 1 . By this the motor is ovcr-excited on the starting step. 
Fig. lOS shows the value of the current surge arising with 
different degrees of excitation on switching over from “start” 
to “run” for an unloaded synchronous motor. It is very 
important that the switching over takes place with little or 
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no delay, so that during the process the motor remains as far 
as possible in synchronism with the supply. Even a compara- 
tively small delay during switching over is sufficient to allow 
the rotating field to attain a considerable angular displace- 
ment. In the case of unloaded synchronous motors, this 
depends on the losses and on the flywheel effect of the rotor. 
If a synchronous motor must operate with a certain load 
torque even on the starting step, this fixes the amount of 
angular displacement, and this angular 
displacement in turn affects the size 
and duration of the ensuing cun-ent 
peak. 

When buffer choke coibs, as in Fig. 99, 
page 151, are used, only small switch- 
ing-over peaks occur. In this case, the 
motor is thrown on the full voltage 
through a choke coil on the inter- 
mediate step with switches 1 and 2 
open. After the switching current has 
died out, switch 2 may be closed on 
the full voltage. A few' seconds inter- 
val on the intermediate step is necessary so that the current 
corresponding to the new voltage can settle dow'n. With 
properly dimensioned choke coils, the machine can be sw itclied 
on to full voltage almost entirely without current peaks. 

If ohmic resistances are used instead of choke coils, so that 
the switching out of the starting transformer and the short- 
circuiting of the resistance can be spread over a few seconds, 
the motor during this interval runs on the full su])j)ly voltage 
with the resistance in series, and may begin to hunt or even 
fall out of stej) if there is a long interval and the resistance 
is unsuitable. When using ohmic resistances, it is therefore 
not desirable for the switching over to take more than a 
few seconds. 

(/) Short Circuits in the Starting Transformer. Fig. 
109 shows in principle the diagram of the starting connections 
of a synchronous motor or converter with a single-step starting 
transformer. Usually specially built starting switches are used 
for this, and the two pieces of apparatus, starting switch 1 and 
running switch 2, are so coupled mechanically that the first 
is switched out forcibly if the contacts of the latter are touching. 
The construction of the switch contacts is so arranged that the 
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switches cannot both simultaneously be closed, which might 
cause a short circuit of the starting transformer. The switches 
have also a buffer resistance to ensure switching over without 
current interruption, and to prevent short-circuiting of the 
whole transformer. This is so proportioned that no dangerous 
current peak arises in the transformer. 

If, however, ordinary separate switches not mechanically 
coupled are used for starting and running switches, these must 
be electrically interlocked. If the interlocking is not done 
correctly, or if the auxiliary circuits are not properly arranged 
on the switches, a fault may arise in which the contacts of the 
full voltage switch are already touching before the contacts of 
the starting switch are opened, or even before the arc in this 
switch is broken. This causes a short circuit of the starting 
transformer. Such short circuit current ])eaks are responsible 
for forces which distort the winding and, if repeated, may 
cause a breakdown. In troubles of this kind, the first thing is 
to test the operation of the swit(;h, and if necessary to improve 
this by shortening the contacts or by altering the arrangement 
so that simultaneous contact in the starting switcli and the 
running switch is impossible. As already explained, the most 
certain method of preventing such trouble is a definite mechan- 
ical interlocking of the switches. 

(g) Troubles Due to Starting Motors. Large synchronous 
motors which have to operate on no load as synchronous 
condensers or as machines to regulate the voltage by running 
with a wattless load, are chiefly started by special starting 
motors. Usually simple asynchronous motors or synchronous 
induction motors are used for this purpose. While the asyn- 
chronous motor generally has a smaller number of poles than 
the synchronous motor, a synchronous induction motor for 
this particular purpose has the same number of poles as the 
main synchronous machine. Asynchronous starting motors are 
usually adjusted to the correct synchronizing speed by rotor 
resistances, and the synchronous machine, after attaining the 
proper voltage and phase position, is then connected in parallel 
with the supply, just as an ordinary synchronous generator 
would be. When using a synchronous induction motor as a 
starting motor, the synchronous machine can be directly 
connected on to the supply without current peaks after the 
starting motor has been synchronized with the right polarity and 
the proper voltage attained. An important condition is that the 



STARTING TROUBLES OF MOTORS 


171 


proper coupling position between the syn(;hronous motor and 
the starting motor must be determined either at the manu- 
facturer’s works or during installation, and eai*e must be taken 
that the coupling is bolted up as indicated by the supplier. 
The excitation of the starting motor and the synchronous motor 
should also be carried out with the polarity fixed from the 
beginning. If the polarity of either the starting motor 
exciter or the synchronous motor exciter has become reversed, 
that is to say, the positive and negative terminals changed 
over, the circuit cannot be closed, since supply voltage and 
motor voltage are in phase opposition and a dangerous short- 
circuit may occur. If the phase position is checked with a 
phase lamp or voltmeter and shows such an opposition, the 
exciter polarity of either the synchronous motor or the starting 
motor must be changed. A small phase dis})lacement between 
the motor voltage and the supply voltage may also oc(*ur as 
a result of changed excitation of the starting motor. The 
proper exciter current strength should be tixed during testing 
at the manufacturer’s works, or when the machine is installed. 



CHAPTER XIII 


TROUBLES IN D.C. MOTORS OPERATING EITHER SINGLY 
OR IN PARALLEL 

1. Operation is Unstable. D.r*. shunt wound motors should liave 
a speed drop of between 2 per cent and 10 per cent of the no- 
load speed, from no-load to full load wlien the supply voltage 
is not altered. This value is affected on the one hand by the 
voltage drop in the armature circuit, that is to say, the increase 
in voltage drop with incTeasing load current tends to reduce the 
speed. On the other hand, the armature reaction effec't, in- 
creasing with the armature current, weakens the resultant 
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magnetic field and. consequently, the s]>eed tends to increase. 
These two items tlius liave opposite effects. According to 
whetlier the first or second factor predominates, the speed 
drops or increases with the load. For example, in shunt motors 
with field weakening (for the purpose of speed control) at 
higher speeds and consequent lower saturation, the field 
weakening effect of the armature reaction may predominate, 
and the speed rise with increasing load. 

The curves in Fig. 110 show the speed of a shunt motor of 
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6 kW. rated output relative to the load current with varying 
degrees of excitation of the shunt winding. It can be seen that 
with progressive weakening of the field, the infliiencte of the 
armature reaction is greater, and on that account the speed 
drop between no-load and full load is smaller. If the field wore 
weakened still further, an increase in speed might even oc(;ur 
with increasing load. 

Many diffei*ent kinds of motor drives require increasing 
torque with iiuTeasing s[)eed. This requirement (*annot always 
be fulfilled by a motor with an increasing speed characteristic 
since a stable drive is hardly possible. To ensure a stable chive, 
the speed must drop with increasing load, so that the curve 
of the load torejue cuts the curve of the torque developed. 

In shunt motors with interpoles, the speed can generally 
be regulated in ratios between 3 : 1 and 5 : 1 by field weakening. 
The upper limit is usually dependent to some extent on the 
commutation. If still further speed variation is re(j|uired, the 
armature voltage of the motor, with the shunt excitntion 
remaining the same, must be reduced ))y series resistances or 
by lowering the supply voltage. The latter method is used in 
the case of Ward-Leonard sets or with booster control. Often 
sufficient speed drop can only be produced by the insertion 
of a field strengthening auxiliary com})ound winding. By 
this a stable drive is ensured with increased field weakening. 
If such compounded motors are used for reversing service, it 
is necessary for the leads to the compound winding to be 
changed over at the same time that the direction of rotation 
is altered when changing the leads of the field winding. 

If the operation of a shunt motor is unstable, in that its 
speed increases with increasing load, it may be im})ossible to 
adjust it to the required speeds. In this ca^se, im})rovement 
may be effected by displacing the brushes out of the neutral 
zone. 

Series wound motors, in which tlie load current produces 
the excitation, are characterized by high pull-out torque. While 
the speed of shunt motors only varies slightly with increasing 
load, with series motors it decreases rapidly. Fig. 1 1 1 shows the 
speed and torque curves of a series motor of 13 kW. output 
relative to the load current. If such a motor is unloaded during 
operation, its speed may increase to a dangerous degree. The 
speed regulation of such motors is generally done by means of 
series resistances in the main current circuit, often also in 
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conjunction with resistances in parallel with the field winding. 
The main sphere of application for such motors is for crane 
and traction service. 

The compound motor, being a combination of the shunt and 
series type, also has similar characteristics which are nearer to 
those of a shunt or of a series motor, according to whether 
its shunt or series winding has most effect. 

A compound motor, through the influence of the shunt wind- 
ing, is protected against running away at no-load. When the 
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compound winding is connected reversed — it sliould normally 
have a field strengthening effect — the speed and current of the 
motor increase very greatly with increasing load and stable 
operation is impossible. The method of determining the 
proper connection of the compound winding is outlined in 
Chapter Xll, para. 2 (gf), 

2. Speed l^gulation is Insufficient. The speed regulation 
in shunt and compound motors is in most cases carried out by 
varying the shunt field current. Decreasing the field current 
causes increase in speed, and vice versa. 

Troubles in regulation may be of different kinds. Either 
the desired high speed is not attained, or else the speed remains 
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too high and cannot be reduced; or on certain steps there 
occur marked current peaks which operate the overload trips 
of the starter. 

When the speed cannot be raLsed further and when there 
is not considerable overloading of the motor and too low voltage, 
it must be assumed that the field regulator is partially or wholly 
short-circuited. This fault may be due to the fact that single 
turns of the resistance coils or their end leads are actually in 
contact. 

If the speed remains at its highest value and cannot be 
altered, the connection of the field winding leads must be 
wrong. If file connections from the field regulator back to the 
field coils are connected to the two terminals ( J) and (3) Fig. 84, 
page 122, adjustment of the regulator arm produces no effect 
on the field current. 

Heavy current peaks on certain i)ositi()Us of the field regu- 
lator suggest oj)cn-circuiting of the latter. Either the contacts 
of these steps are blackened and the contact brushes no 
longer make contact, or the connections to the studs have 
become loose. To prevent serious troubles due to breaks in 
the field circuit of a motor, the field regulators should be main- 
tained in good condition. A break in the field circuit is the 
equivalent of a short circuit on the sui)p1y, and may result in 
tlie burning out of the motor. Short circuits between turns 
and layers of tlie field coils, or short circuit or reversed connec- 
tion of a whole pole coil, may also cause trouble in the control. 

Open-circuiting may arise in the regulating resistance as a 
result of blackened contacts, and the speed of the motor will 
drop w hen the faulty regulator position is reached. When there 
are short circuits in the resistance, regulation is ineffective on 
a few steps. 

3. Current Fluctuations. Irregular fluctuations in the current, 
and as a result variations in the speed, may be caused by 
sudden changes in the load torque, for example, slipping of 
the transmission gear such as belts, ropes, or friction couplings. 

In addition to these mechanical causes of trouble, there 
may be on the electrical side bad contacts in the exciter or 
the main field circuit of the motor, or faults in the brush-gear. 
Burnt contacts on field regulators, and insecurely fixed 
terminals on the connections to the field coils, often cause 
trouble. In such cases the current fluctuations may be so 
extensive as to trip the protective gear. If the commutation 
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of a d.c. motor is bad, it may in time cause damage to the 
running surfaces of the brushes as a result of excessive local 
wear. This is associated with extensive sparking, or may even 
cause the brushes to glow with resultant variations in current 
and speed. In this case the running surfaces of the brushes 
usually exhibit alternate sooty and polished streaks in the 
direction of the segments. This is termed zone formation. By 
rubbing over the commutator with pumice stone or a suitable 
carborundum stone with the brushes raised, this trouble can 
be temporarily cured, and the current fluctuations checked. 
The improved condition, however, will only last until the 
brushes have once more progressed to the same state. In 
trouble which can be traced to the above causes, current 
fluctuations of about 20 per cent of the rated current may be 
observed. A permanent cure can only be effected by improving 
the commutation. In Chapter V is described in detail the 
method of testing and adjusting the machine. 

In the case of paper-machine drives, it may be observed 
that paper dust has collected under the brushes and the current 
is no longer being picked up properly, so that similar phenomena 
to the above appear. 

4. Unequal Load Distribution with Parallel Operation. For 

certain drives, such as presses or dyeing machinery, it may be 
necessary at times for two or more motors to operate electrically 
and mechanically in parallel. The condition then arises that 
the individual motors must each carry portions of the load 
corresponding to their rated outputs. When this occurs the 
no-load speed and the speed variation between no load and full 
load of the motors must be the same. Equal speeds at no-load 
can be obtained either by balancing resistances in series with the 
field windings or by careful adjustment of the air gaps. If the 
motors are shunt controlled or provided with series control, 
the individual steps of the regulating resistances must be 
suitable for one another. The speed drops can generally be 
sufficiently precisely controlled by brush displacement. 

5. Hunting. When individual d.c. generators and shunt 
motors with interpoles are working together, ‘‘hunting” of 
current and speed sometimes occurs. This begins with small 
fluctuations and within a short time becomes so marked that 
the switches trip out or the motor is inclined to race. This 
trouble occurs when the motor is unstable, that is, when its 
speed and torque increase simultaneously. It is specially likely 
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to arise when the motor is used for speed regulation by field 
weakening as described in a previous section. It may, however, 
also be due to brushes which are displaced backwards to a 
considerable extent, or which only lie on their trailing edges. 
To cure this, the brushes should be moved as far as necessary 
in the proper direction until the machine is stable. This will 
generally be when the speed drop between no-load and full 
load is about 2-5 per cent. If, however, the brushes cannot 
be displaced so far without spoiling the commutation, the best 
expedient is to insert a field strengthening series winding, say 
with 1-3 turns per pole. Such a winding can conveniently be 
made out of an easily obtainable insulated cable, if care is 
taken that successive poles are wound alternately left-handed 
and right-handed. The testing of a compound winding is 
outlined in Chapter XII, ])ara. 2 (</). 



CHAPTER XIV 


TROUBLES IN ASYNCHRONOUS AND SYNCHRONOUS MOTORS 
OPERATING SINGLY OB IN PARALLEL 

1. Current Variations in Asynchronous Motors. In addition 
to current variations due to the loading, asynchronous motors 
are also liable to variations in the stator current caused by the 
rotor. The causes include unsoldered winding ends on wound 
rotors, unsoldered connections between end rings and bars on 
squirrel-cage rotors, bad contacts in the short-circuiting gear, 
insufficient contact of the bruslies of one slip-ring of motors 
having continuously-rated brushes. These current variations 
are generally associated with periodic vibrations and humming, 
of which the frequency becomes greater with increasing load 
and slip. At no-load the fluctuations are small and very slow. 
In squirrel-cage rotors with cast end rings, this trouble may 
occur without there being any apparent bad contacts. Only 
by cutting open the rings can joints which arc very much 
oxidized be observed. To improve the condition the bad con- 
tacts must be re-soldered, although with cast end rings this is 
usually not ])racticable, and to remove the trouble the rotor 
must be entirely rewound. 

Bad contacts on the short-circuiting gear are particularly 
common in dirty situations, for example, paper or cement 
works. The motors are often running under extremely severe 
conditions; all the motor parts become very dirty and the 
contact parts of short-circuiting devices have layers of dust. 
If these surfaces have, in addition, any grease adhering to them 
an insulating layer will form. The effective contact surface is 
therefore very much reduced, so that with continuous opera- 
tion progressive heating spoils the contacts. This results 
in decreased contact pressure, increased heating and finally 
complete failure of the gear. Large accumulations of dust 
on contact surfaces may even lead to the open circuiting of the 
contacts solely as a result of their presence. When current 
variations are noticed on slip-ring motors, the contacts of the 
short-circuiting device should be tested, and all dirty contacts 
cleaned and where necessary replaced. The replacement of 
such contacts should be carried out with care. 
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Bad contacts may also occur on slip-rings when the brushes 
are sticking in the holders or are worn. 

2. Load Distribution is Unequal on As 3 mchronous Motors 
Operating in Parallel. In drives with asynelironous squirrel- 
cage motors operating in parallel, the load may be unequally 
distributed if, for example, the belts are slipping or the ratios 
of the transmission gears do not correspond. An equal load 
distribution at all loads can only be attained with such machines 
when they have the same slip at normal operation. If they 
are very different from one another, ecjual load distribution 
can only be attained at one predetermined load where the 
transmission ratio of the pulley or gear is suitable. 

In the case of asynchronous motors operating together with 
speed regulation by resistances in the rotor circuit, wlien the 
load distribution is unequal, either the resistances are incor- 
rectly stepped or there is some fault in them, such as 
short circuits between adjacent resistance steps, or burnt 
contacts of the controller. If the stepping is wrong, the ])roper 
stepping is most simply determined by inserting temporary 
resistances and restepping the other resistances in ac(*oidance 
with the results obtained. 

3. Hunting and Falling out of Step of Synchronous Motors. 

When a synchronous motor is suddenly unloaded, the rotating 
field, the position of vvhi(‘h depends on the state of loading of 
the machine, takes up a new position corresponding to the 
no-load conditions, that is, it must be disjdaced in the direction 
of rotation. Because of the influence of the stator current and 
the rotating masses, its new state is not attained immediately, 
but a few oscillations to and fro occur which can usually be 
noted on the ammeter and wattmeter. As a result of the losses 
arising in the solid pole shoes or in the damper winding, these 
swings generally die out quickly. 

Hunting may also be due to rapid changes in load or to load 
impulses, for example, in motor generators, when short circuits 
occur in the supply from the driven machines as well as short 
circuits in the feeding supply. In synchronous motors running 
on no-load for phase adjustment, hunting is always possible 
but most likely to occur when the machine has reverse excita- 
tion which is raised almost to the point at which the machine 
falls out of step. 

In addition to these oscillations originating in the machines, 
forced oscillations caused by the driven apparatus may in some 
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cases occur when reciprocating machines are being driven by 
synchronous motors. The conditions are then the same as 
those already mentioned in Chapter X, para. 4 (d). 

Synchronous motors may fall out of step with extensive 
voltage and frequency variations, such as may be caused by 
short circuits in the supply as well as mechanical overloading or 
wrong excitation. Generally, however, synchronous motoi s with 
salient poles which are loaded will remain in stej) if correctly 
excited, even with rapidly altering voltages. Falling out of 
step occurs sooner if, with voltage variation, there is simul- 
taneous variation of frequency, particularly when a decrc^ase in 
frequency is rapidly followed by an increase. The size of the 
masses to be accelerated and the load torque are of paramount 
importance as regards the behaviour of tlie motor. Unloaded 
synchronous motors with salient poles, working as phase 
shifters even when very much under-excited, will stand fre- 
quency and voltage variations of 10 per cent and over without 
falling out of step, while loaded synchronous motors with 
variations of this order will generally fall out of step and come 
to a standstill. Synchronous motors running on no-load will 
generally only slip back one ])oIe pitcli. 

4. Excitation and Load Capacity of Synchronous Motors. The 

stronger the excitation applied to a synchronous motor, the 
greater the extent to which it can be overloaded. If the excita- 
tion is reduced and the output remains constant, when the 
state of under-excitation has reached a certain degree the motor 
falls out of step. The smaller the mechanical loading of the 
motor the greater is the degree of under-excitation which can 
occur before this ensues. 

In Fig. 112 V-curves (stator current against excitation) are 
drawn for a synchronous motor with salient poles, 830 kW. 
rated output, for various constant loads. The values of the 
excitation at which the motor falls out of step are shown for 
each individual load. For example, it can be seen that at the 
necessary excitation for rated load and cos 0—1 the motor can 
be loaded to about 50 per cent above the rated load before it 
falls out of step. Fig. 113 shows similar characteristic curves 
and pull-out points for a synchronous induction motor of 
1 070 kW. rated output. 

The curves 6 of Figs. 112 and 113 connect those points of 
minimum excitation for various loads below which the motor 
will fall out of step. 
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Fig. 113. V-curves of a Synchronous Induction Motor for 
1 070 kW. Hated Load at Hated Voltage 

(1) At no-load. (3) Half load. (5) Full load. 

(2) One-quarter load. (4) Three-quarter load. (6) Pull out points. 

(9) Excitation at unity powder factor. 
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Synchronous induction motors with cylindrical rotors on 
constant excitation will not stand such severe overloading as 
synchronous motors with salient poles. They have, however, 
the advantage that after falling out of step they will continue 
to run, and after the load has decreased will pull into step 
again. 

When considerable load impulses are likely to occur on 
synchronous motor drives, for exam]>le, when driving wood- 
pulping machines in paper mills, it is to 1)e recommended that 
the motor is always maintained in an over-excited condition. 
The limit of permissible over-excitation is, of course, deter- 
mined by the heating. It is also desirable to e(]uip the motors 
with suitable high-speed field regulators. 

Over-excitation of synchronous motors is an expedient 
also employed to obtain ])ower factor correction on supply 
systems. 

In the case of synchronous motors oj)erating on no-load 
as phase shifters, the excitation may be much reduced without 
the motor falling out of step. Phase shifters with salient poles 
will generally stand reverse excitation, and often pull out only 
when the “negative” excitation value is about 20 per cent of 
the excitation for cos ^ — 1. If for such motors the excitation 
is slowly reduced to zero and increased again slowly in the 
opposite direction before the motor falls out of step, slow 
oscillations of the exciter ammeter can be observed, that is, 
the motor “hunts.” At the excitation limit reached the motor 
slips, without either a large current peak, appreciable vibration 
or noise, into the new pole position for which the injected 
excitation is again positive. In this state the motor again runs 
satisfactorily but gives the wrong phase adjustment, 

5. Load Distribution on Synchronous Motors Running 
Electrically and Mechanically in Parallel. When in very excep- 
tional cases two synchronous motors are on the same supply 
and are also working on a single loading machine, the rotating 
fields must be exactly the same. Thus even when keying in 
position the rotating fields or couplings, this requirement must 
be kept in mind, and should it be necessary to remove the 
rotors for any reason, the halves of the coupling should 
be marked. Adjustment of excitation will only alter the 
distribution of the wattless load between the two machines. 
The same conditions may arise in the case of paralleled con- 
verter sets, consisting of synchronous motors and generators 
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which must run in parallel on the motor and generator sides. 
If the desired distribution of the kilowatt output is to be shared 
between such sets, the stator of one of tlie machines in each 
group must be arranged so that it will rotate through a few 
degrees. 



CHAPTER XV 

PROTECTION AGAINST FIRE AND EXTINGUISHING 
OF FIRE 

To prevent as far as possible extensive burn-out of the windings 
of all machines, the original installation should incorporate 
protective apparatus, which, at the first appearance of a fault 
— ^i.e. a breakdown to earth or a short circuit — ^will disconnect 
the loaded machine from the supply, and cut off the excitation. 
These protective devices are dealt with in Chapter XXX. 

If there is an arc in the machine, this may set fire to insu- 
lating materials. Since many winding parts, particularly end 
windings, are abundantly supplied with cooling air, the fire 
may spread even after the arc is extinguished. Burning, how- 
ever, can be effectively stopped by adding a non-inflammable 
gas to the air supply. According to Stager,* a modern fire- 
protection equipment must fulfil the following conditions — 

(i) The oxygen content of the circulating air must be so 
decreased as to prevent further burning of the materials. 

(ii) The quantity of oxygen available must be reduced so 
rapidly that only the damage immediately resulting from the 
particular failure occurs, and the material of the machine must 
not have time to be seriously burned. 

(iii) The site of the burning must be cooled as rapidly as 
possible so that inflammable gas cannot be produced by 
organic insulating material. A temperature below that at 
which re-ignition will occur must be reached with all possible 
speed. 

(iv) The oxygen content must be maintained low and the 
burnt place kept cool until there is no smouldering part left 
to light up again. 

(v) The quenching medium must not be such as to damage 
the machine in any way. 

Carbon dioxide and nitrogen are gases which fulfil these 
conditions and can be easily introduced into the cooling air 
systems of large generators. 

In the type of closed cooling air system generally used to-day 

* Stager: EUktrotechnische laoliermaterialien, 1931, pp. 122, 285 (in 
German). Also see Winfield: Journal I,E.E., Vol. 81, p. 289. 
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for such large generators, the fresh air supply in case of lire 
can be quickly cut off. The dampers in tJjc‘ cooling air (*ircuit 
are usually shut electromagnetically, simultaneously ith the 
opening of the gas (ylinders. The ope?*ation mI the closing 
device is either done by j)rotective relays or b\ j)ush button. 

For machines not having this protective gear, hand extin- 
guishers must be used which throw the qucmchintr nuHliuni in the 
form of powder, liquid, or foam on to the seat ol the fire, and 
it is intended that they should provide a layer of gas excluding 
oxygen from round the burning object. These evtingni.shers 
should have the following properties — 

1. Electrically non-conducting, so as not to be dangenous to 
the operator even at close range when liv(' parts of the machine 
or set have to be extinguished. 

2. Non-corrosive. 

3. Free froTii materials which v ill ])erineate tlie insulation. 

4. No tendency to produi*e poisonous gas or steam which 
would endanger the operator. 

In electrical drives, tin* most common Iluid extinguisher is 
composed of carbon tctra(‘hloride, a jet of wliich is practically 
non-conducting electrically. This, liowever, has the great 
disadvantage that it forms poisonous phosgene gas and the 
user may be seriously affected. When employing this kind of 
extinguisher, particularly in confined syiaces, it is advisable to 
proceed with the utmost care and to wear a gas mask. Another 
product of combustion is hydrochloric acid, and in addition 
the (‘hernicals used in the holder of the extinguisher to provide 
sufficient pressure may act as electrolytes. All these electro- 
lytes, ])articularly in conjunction with moisture, make the 
insulation into a conductor if they permeate the covering of the 
end windings. Very bad corrosion, particularly of tlie iron 
laminations, may also be caused in this w^ay. Similar dis- 
advantages are associated with all quenching media using 
electrolytes either for extinguishing or for producing pressure. 
In many cases, the damage done by the extinguisher is far 
more serious than that caused by the fire itself, and the whole 
winding must be re-insulated and the laminated core recon- 
structed. 

Certain fire extinguishers of the foam or snow producing 
type which contain carbon dioxide do not have these objection- 
able characteristics. They do, however, produce too small a 
jet, so that it is sometimes not possible to cover the burning 
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place effectively in cases where one cannot get very near to the 
machine. In addition the jet is a conductor at least as long 
as it retains its form. 

Water is, of course, an excellent fire extinguisher, but in 
electrical plants where there are live parts its use is too danger- 
ous to the workpeople, as it may conduct current to the 
extinguisher. The damage to the insulation by water is small, 
and in any case, with proper care the machine can be success- 
fully dried out. Iron parts may possibly rust, but the danger 
to the machine is very small if drying by hot air is carried 
out as rapidly as possible. In machines already warm from 
running, rusting is practically impossible. 

For extinguishing oil fires, “foam” and “snow” extinguishers 
are most used. Water must not be sprayed on to burning oil 
since the two combine to produce an explosive mixture of 
hydrogen and oxygen, and large flames result. Water can only 
be usefully employed to reduce the temperature of the iron 
parts adjacent to the site of the burning transformer tanks 
and the like, and to prevent further heal being conducted to 
the oil. 



CHAPTER XVI 

CLEANING AND MAINTENANCE OF MACHINES 

The cleaning and maintenance of individual macliine parts has 
already been described in connection witli the troubles associ- 
ated with these parts, so that it is superfluous to rej)eat the 
information. The frequency of the periodical overhaul or 
complete reconditioning of machines depends on tlie service 
and the surrounding conditions. Frequeni cleaning is chiefly 
necessary for machines in very dirty situations such as wood 
working Victories, rolling mills, con\ eying plants, and chemical 
works. Coal and iron dust, oil and chemical va])ours are ])ar- 
ticularly harmful. Chapter XXXIX, para. 4, givt\s more 
detailed notes on cleaning dirty windings. It is obvious tliat 
careful cleaning and maintenance of machines vill prevent 
many failures. It should always be tlie aim to prevent rather 
than cure delects. Amongst the measures whicli can be taken 
to prevent trouble can be counted all prote(*tive devices against 
excessive voltages or currents, which limit the dajnage at an 
early stage by cutting the macliine off from the su])ply and 
cutting out the excitation, and also built-in fire extinguishing 
devices as used on modern generators. The proper choice and 
use of protective devices for electri(*al machines is discussed 
in several paragraphs of Part 111 of this book (Auxiliary 
Apparatus). 
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PART II 

TRANSFORMERS 

CHAPTER XVII 

OVERHEATING 

Overheating of a transforincr is as serious as fever in a 
human being. In the latter case, however, the feverish condition 
can be referred to a fixed normal temperature, wliereas in the 
case of a transformer it is not so simple to define. Its normal 
temperature is variable and dependent on its load, and the 
temperature and quantity of the cooling medium. It is neces- 
sary to know the temperature at which the transformer 
normally operates, having regard to the given conditions, 
before the degree of overheating can he determined by using 
a thermometer. 

1. Permissible Temperature Rise of Transformers. It is 

simpler to consider in the following paragraphs not the actual 
temperature but the temperature rise, that is, the difference 
between the temperature of a transformer part and of the 
cooling medium. 

(a) Oil-immersed Transformers. Here we can limit our- 
selves entii ely to the question of oil heating. All kvsses due to 
any defect are conducted away by the oil. Only a very small 
proportion of large transformers are provided with devices 
which indicate the temperature rise of individual parts of the 
transformer during operation. 

According to B.S.I. Specifications, the increase of temperature 
of the oil in a transformer should not exceed 50^ C. This is on 
the assumption that the temperature of the c'ooling medium 
when air cooling is employed does not exceed 3*5° C., and for 
water cooling 25° C. Many transformers, however, are so di- 
mensioned that the temperature rise of the oil at full load is 
less than 50°, in view of the temperature drop between winding 
and oil, or to permit a higher temperature for the cooling 
medium on entry. The correct value for the temperature 
rise for normal methods of cooling is always given by the 
supplier. Since, however, the transformer is not always 
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fully loaded, the proper temperature for other load conditions 
ought to be known. For many transformers, the daily load, 
and consequently the heating, have a periodic curve. Those 
in charge of the apparatus are therefore well advised to plot 
such a curve for it soon after its installation, showing for the 
characteristic load curve the heating, and the corresponding 
oil and cooling medium temperatures. This immediately gives 
a practicable standard of reference for the transformer. 


— Curve 1 Iron Loss Copper^ Loss « 7- ^ 
_ 2 - » 

*•3. « *• ^7^4 

I I I I 1 I I I I I I 


0 10 20 30 ¥0 50 SO 70 SO SO 700 m 72i 

Load as pen cent of Rated Load 

Fig. 114. Kisja in Oil TEMPERATUiiii; fok 
O iFFKiiENT Loads 


A further reference for heating with steady loading is 
provided by a curve, as in Fig. 114, showing oil heating in 
relation to the steady load. It must, however, be remembered 
that when the load is changed, the oil temperature only alters 
slowly. In most transformers with ordinary cooling 8 to 10 
hours, or for water cooling 5 to 7 hours elapse after a change 
in load, before the heating and loading can be directly compared 
as in the curve. 

(6) Air-cooled Transformers. In these the temperature 
rise of the impregnated winding should not exceed 60® C. 
according to B.S.I. standards. Except where the heathsig of 
the windings can be determined by built-in thermostats or idle 
like, which can rarely be done and is only possible for large 
transformers, the temperature rise of the cooling air must be 
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observed. In the case of natural cooling, however, the 
air quantity can be greatly altered by wind, open or closed 
doors or windows. The rise in air temperature is inversely 
proportional to the quantity of air, so that measure- 
ment of the heating of the air is a very uncertain method 
of cliocking tlie state of the transformer. Only in uniformly 
ventilated transformer rooms and vith accurate observation 
of the conditions over the whole air ])ath is this mctiiod 
prac‘ti(^able. 

2. Abnormal Temperature Rise of Transformers. If abnormal 
heating occurs, the cause should first be sought outside the 
transformer. It is possible that the supply of cooling medium 
is insufficient. Witli natural cooling a flow of fiesh air of about 
175 ft.® per kW. loss per min. is usually adequate.* With this 
air quantity, the rise in air temperature is about lO"" C. With 
smaller air quantities the rise is greater and the average cooling 
air temperature is greater. Also as a result of the lower speed 
of flow the temperature drop at the surface of the transformer 
increases. Care should be taken that the air flow is not being 
spoilt by obstructions or because the inlet or outlet o])enings 
are partially blocked up. 

With forced air cooling by fans, an air quantity of about 
175 ft.® per min. j)er kW. loss is also generally employed. The 
cross-section of the air current is in this case artificially narrowed 
along the length of the transformer so as to make tlie speed of 
the cooling air as great as possible over those transformer parts 
to be cooled. The heating of the transformer is then largely 
dependent on the air quantity. When overheating occurs, the 
first thing is to ascertain if the fan is working at normal speed 
or if there is any obstruction in the air channel. The air supply 
per minute should also be measured with an anemometer. The 
measurement is best taken some way down the inlet duct on 
the suction side of the fan, and on different parts of the cross- 
section so that a correct average may be obtained for the air 
speed. 

In transformers with water cooling with or without artificial 
oil circulation, the usual cooling water quantity is about 
0-22 gal. per min. for 1 kW. loss and the temperature rise of 
the water should be about 15° C. If the water quantity were 
halved, its temperature rise would increase to about 30° C. 

* For information on the ventilation of transformer rooms, see: E.T.Z., 
1929, p. 1623 (F. Sieber and F. Heiles). 
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The average temperature in the cooler would then be 15° C. 
over the inlet temperature compared with 7*5° C. for normal 
water supply. The rise in the transformer oil temperature 
would increase due to this difference of 7*5° C., together with 
a small additional amount as a result of the decreased heat 
transfer from the cooling tubes to the water on account of the 
lower rate of flow. 'J'he increase in oil temperature, however, 
is comparatively small, and in fact, a decrease in the water 
supyfly of between 10 and 20 per cent does not appreciably 
affect it. The signalling device on the water flow meter can 
on this account be so fixed that these variations do not give 
the alarm. If considerable overheating has not led to any 
movement of the water quantity indicator, insufficiency of 
cooling water is probably not the cause. Other defects, perhaps 
in the transformer itself, are more likely. 

When insufficiency of cooling water has once been found 
to be the cause of overheating, the means adopted to cure the 
trouble should always be noted down. 

It was assumed to start with that the effective load of indi- 
vidual transformers can be determined precisely. If on the 
other hand, the load distribution to single units is wrong, 
it may be that a transformer working in parallel has been 
carelessly connected on to a different tapjnng from the 
remaining transformers and overloading has thus developed. 
This may easily arise when tapping switches permit the ter- 
minals to be conveniently changed. Those cases are omitted 
here in which parallel operation has been wrong from the 
start due to wrong dimensioning of the transformer or of the 
connections. 

A very distorted voltage or current wave of which the cause 
is outside the transformer may also cause overheating. A pro- 
nounced third harmonic in the voltage wave in the case of a 
transformer not havhig a delta-connected winding may easily 
cause certain parts of the oil tank to carry a leakage flux. In 
such cases some inequality of the heating of the surface of the 
tank is usually noticeable. 

3. Abnormal Heating of Faulty Transformers. If an abnormal 
temperature rise occurs without there being any apparent 
cause external to the transformer, such as are mentioned 
above, something must be amiss with either the transformer 
or its cooler. The transformer should be taken out of service, 
and if this is done at an early stage, the trouble will generally 
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have only affected one part of the apparatus. The many 
faults which may arise are grouped in the following sections 
according to the parts of the transformer in which they occur. 
In the first place a few electrical defects are discussed which 
apply to the transformer as a whole. 



CHAPTER XVllI 

GENERAL ELECTRICAL TROUBLES 

It is very important when designing a transformer that the 
voltage conditions of the plant on which it is to work should 
bo exactly known. Cables, type of switchgear, voltage drop, 
even when it is not intended that the machine shall work in 
parallel, must be carefully determined. If, for examjdo, the 
supply in an installation is in practice above the rated voltage, 
the magnetizing current may become excessive. There is 
nothing to be done in this case except to see that the 
transformer is adequately designed for the highest probable 
voltages. 

In this connection, the current surge on switching in should 
also be considered as it may become dangerous, parti(*ularly 
when too high a working voltage exists. The fuses used as 
protective devices on small transformers may burn out if the 
voltage is switched in accidentally at the instant of passing 
through zero. A buffer resistance may be used on the switch 
for protection against this comparatively rare occurrence. 

Unsymmetrical loads as, for example, in the case of lighting 
transfoimers, may cause marked inequalities in the phase 
voltages, and additional losses in different j^arts of the trans- 
former unless suitable switchgear is chosen to prevent it. The 
well-known zigzag connection on the secondary side or delta 
connection on the primary side tends to bring about equalizing. 
Unsymmetrical voltages may also occur on individual phases 
due to the tap-changing mentioned above, and as a result of 
open circuiting between connections, also from bad contacts. 

If a three-phase group is formed from three single-phase 
transformers, one side must be connected in delta, since other- 
wise the wave shape of the phase voltage is greatly distorted. 
With star connection without a primary neutral conductor, the 
sum of the instantaneous values of the three magnetizing 
currents should always be zero (Kirchhoff’s rule). For a sine 
wave of voltage, the normal magnetizing currents do not, how- 
ever, fulfil this condition. In Fig. 115 the magnetizing 
currents Z^', /q", /q'" are drawn in their appropriate phase 
positions for a comparatively small flux density. At the 
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current maximum of there only occur in the two other 
phases the two small instantaneous values and , The 
sum of the magnetizing currents Iq" and is mucli smaller 
than the magnetizing current . Since now in the three 
single-phase cores the fluxes can form independently of one 
another, they adjust themselves so that the rule stated for 
magnetizing currents is adhered to, and the wave shapes of 
the phase voltages become non -sinusoidal. 

The same phenomena occur also in the case of three-phase 
shell type transformers and five-legged core type transformers, 

where the ])hase fields arc like- 
wise inde])endent of one another. 
Tlie resulting very marked dis- 
tortion of the secondary phase 
voltage wave is obviously not 
])erniissible. Delta connection of 
the primary or secondary wind- 
ings facilitates the internal 
equalizing of the magnetizing 
currents. If it is not practicable 
to connect one of the two wind- 
ings in delta, a third winding 
must be provided. 

The voltage dro]) is fixed by 
the design of the transformer. 
The desire to keep it as low as 
possible led in the early days of 
transformer construction to designs with very low^ short-circuit 
voltages. The growth of power station loads resulted in a great 
increase in size of the short-circuit currents, and weak parts 
of the plant developed faults. Since then a compromise has 
been reached as regards choice of short-circuit voltages, between 
the desire to have as low a voltage drop as possible between 
no-load and full load, and the demand for a strictly limited 
short-circuit current. To-day the short-circuit voltages usually 
lie between 4 and 5 per cent for small outputs and 10 and 12 
per cent for large outputs. In plants with old transformers with 
too small short-circuit voltage, choke coils without iron cores 
are inserted to limit the short-circuit currents. Choke coils 
with iron cores of the usual proportions become saturated 
at less than twice normal current and so cannot absorb any 
large portion of the voltage with further increase in current. 
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They will, on this account, only limit the short-circuit current 
to quite a small extent. 

For successful parallel operation it is well known that the 
cables, switchgear and short-circuit voltages of the units in 
parallel must correspond exactly. Differences between the 
maximum and minimum short-circuit voltage up to about 33 
per cent can be balanced by a suitable alteration of the trans- 
formation ratio, so that at full load and for a fixed value of 
cos (/) the load distribution is correct. Too low short-circuit 
voltages can also be raised to any desired value by the 
introduction of choke coils. For parallel operation choke coils 
with iron cores, which are cheaper than current limiting choke 
coils without iron cores, will suffice. 

To measure the transformation ratio, the transformer sliould 
be supplied on the high- or the low-tension side, whichever is 
most convenient. By means of two voltmeters, either (jonnected 
directly, or, in the case of high voltages, thi'ough potential 
transformers, read by two persons simultaneously at a given 
signal, the high and low voltages may be ascertained. For 
transformers with very high voltage, if no suitable potential 
transformer is available, a fraction for exam])le, one-fifth 
to one-tenth of the rated value can be used for measuring. 
If there is no voltage source available that can be regulated, 
the measurement in many cases can bo carried out with the 
transformer connected on its high voltage side to the low 
voltage bus-bar. For polyphase transformers, however, the 
voltages of both sides must be measured either between two 
corresponding terminals or between the same phase terminals 
and the star point. With star zigzag (connection, tlie voltage 
of the zigzag leg (i.e. the voltage between terminal and neutral 
point) should be compared with a corresponding voltage of 
the star leg, so that the compared primary and secondary 
voltages are composed of partial voltages of two similar groups. 

For determining the polarity of a transformer, the primary 
winding must be supplied with low voltage, one terminal of 
this winding having previously been connected to a terminal 
of the secondary winding. The potential differences are then 
measured between alternate terminals of the two windings, 
and the values compared with those determined from a voltage 
diagram drawn to scale. 

Before transformers are connected in parallel, the following 
procedure should be adopted (Fig. 116). 
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The transformers to be paralleled are connected on the 
primary side exactly similarly — that is, terminals of the same 
sign are connected with the bus-bar R, and the same for the 
S and T bus-bars. On the secondary side, two terminals of 
the same sign, i.e. v-v (see Fig. 116 ) are solidly coupled to- 
gether and the voltage between the remaining like terminals is 
measured. Only when this is zero can the transformers be 
conne(*ted in parallel. The measuring range of the voltmeter 
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must be sufficiently large to deal with twi(*e the secondary 
voltage. 

If the voltage difference measured between two like terminals 
as described above, when determined with a voltmeter of small 
measuring range, amounts to a fraction of the voltage of one 
of the transformers, then the cable arrangement is prol)ably 
wrong. When the transformers are ecpiipped with ta])pings, 
they may have been connected on the wrong taj)])ing and the 
fault can be (piickly cured. 

When on the other hand, the voltage between two like 
terminals is either equal to or greater than the voltage of one 
transformer, the phases are not balanced. There are, then, 
either wrong connections of the terminals or reversed (jonnec- 
tions inside the transformer. The method of determining the 
polarity described above also helps to determine the type of 
reversed connection. 


CHAPTER XIX 

TYPES OP PROTECTION 

Abnormal conditions arising in service must be cured as 
quickly as possible. Although it is not always possible to 
prevent troubles occurring in transformers, their effect can at 
least be limited by suitable means. Apart from devices which 
indicate at once the appearance of abnt^rmal conditions, 
apparatus is used which operates either to prevent the damage 
entirely or to stop it spreading. Overheating can be brought 
to the notice of the maintenance staff by means of a light or 
sound signal operated by a contact wlu(‘<h is c1os(h1 when the 
outlet temperature of the air or oil exceeds a certain permissible 
value. Switching out can easily be arranged to take place 
simultaneously by means of another contact. 

For measuring winding and iron core temperatures, measur- 
ing devices are used having built-in thermal elements connected 
to recording instruments on the switchboard. The pric'e of 
these devices is rather high, particularly when a high winding 
voltage necessitates the intermediate (‘onneci ion of an elaborate 
insulating transformer. They are, therefore, only used in the 
case of very large transformers. The connections betw^een the 
thermal element embedded in the winding and the insulating 
transformer form a source of danger that must be kept in mind, 
and direct measurement of the w inding temperature is desirable. 

In addition, the usual overload protection should be employed 
to prote(jt the transformer from overloads, although this gen- 
erally only operates when the defect in the inside of the trans- 
former is already extensive. The fault current must in this 
case exceed the maximum load current. 

The demand for selectivity of the protective gear, w^hich is 
desirable in large installations, that is to say, the characteristic 
ensuring that only the faulty part of the apparatus is (;ut out, 
has led to the use of the differential protective device. This 
balances the primary and secondary current in each phase. 
The transformation ratio of the transformer is dealt with by 
current transformers. In the case of a defect, the ratio of the 
currents is altered by the fault current produced which flows 
through the relay and thereupon switches out the transformer. 
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The sensitivity of the relay, however, must be limited for 
the following reason. The magnetizing current of the trans- 
former, according to the voltage and load, alters the trans- 
formation ratio of the currents. Also the series transformers 
used generally have different voltage characteristics, and when 
transient short circuits occur there may be differences in the 



Transformer* 

Fig. 117 . Bcjchholz Relay 


secondary currents of the series transformers which cause the 
main transformer to be switched out unnecessarily. The 
differential relay may, on this account, only be used in connec- 
tion with fault currents which are greater than the maximum 
possible value of the magnetizing current, or than the maxi- 
mum difference of the fault currents in the series transformer 
for transient short circuits. In addition, the diffei’ential relay 
must generally operate with a slight time lag to allow for the 
current surge on switching in the transformer. To balance the 
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variable transformation ratio of transformers which can be 
regulated and which have a large range of tappings, there must 
be provided in the relay circuit eitJier series transformer 
tappings or an adjustable auxiliary transformer 

The complicated structure and appreciable cost of differ- 
ential relays have limited their application very considerably. 

Recently another type of protection for oil-immersed 
transformers has found great favour, operating by means of a 
chemical reaction such as decomposition of the insulating 
material caused by the fault current or by overheating. This is 
known as the Biichholz relay after its inventor. Fig. 117 shows 
diagrammatically the whole protective system. It is an 
improvement on the differential relay in that more kinds of 
faults are detected and the device is simpler in construction. 
The gases emitted as a result of even the smallest defect or 
with too much heating of the insulation collect in the Bucfiholz 
apparatus (Fig. 117) until the float is pressed down suffi- 
ciently to close the alarm contact C\. When, on the other 
hand, there is a serious defect producing large bubbles of gas, 
the float conies into play and switches out tlie transformer 
by means of the contact Cg* happen that after a 

transformer has been put into service, air may collect in the 
a])y)aratus. In this case, the maintenance staff' should remove 
it tlirough the tap H. 

The surest ])rotection for a transformer is, however, a care- 
fully planned design in conjunction with perfect construction. 
Experience shows that wdth such transformers no trouble is 
likely to arise in service for at least a decade. 



CHAPTER XX 

TROUBLES IK INDIVIDUAL PARTS OF THE ELECTRICAL 

CmCXHT 

1. Windings. Winding defects are most frequently caused by 
damage to the wire and coil insulation resulting in the short- 
circuiting of a greater or smaller part of the whole winding. 
If a transformer is equipped with the Buchholz protective 
device (Fig. 118) the warning signal is operated due to the 
development of gas, and the transformer is cut out at an early 
stage in the trouble. A sensitive differential relay will operate 
when about 0-5 per cent of the number of turns of a winding 
are short-circuited. The usual excess-current relay, however, 
does not operate until quite a large part of the winding is 
short-circuited and consequently, as a rule, extensive damage 
has already been done. The production of smoke or noise from 
the interior of the transformer may occur long before the 
relay operates. Fig. 119 shows the extent to which a winding 
may be damaged before the transformer is cut out by the 
relay. In the case of this transformer, the current setting for 
tripping out had always to be kept unusually high to ensure 
continuity of supply. The development of such a defect may 
take several days or weeks, since the short circuits may tem- 
porarily become open-circuited due to melting of the copper. 
As a result of excessive heating and the action of molten copper 
particles, the wire and coil insulation adjacent to the site of the 
short circuit becomes permanently damaged, and finally the 
transient excess voltages, produced by making and breaking 
of the arc, cause a flash-over. Consequently a fault originally 
of small extent may burn the whole winding along one leg of 
the transformer. 

Fig. 120 shows another phenomenon — the formation of a 
‘‘nest” on the low voltage winding of a furnace transformer. 
These windings were bare on account of the low voltage and 
merely insulated from one another by being spaced and im- 
mersed in oil. The low winding voltage and the oil circulation 
tended to prevent the spread of the trouble, but at the site 
of the short circuit a “nest” of oil mixed with carbon dust 
accumulated. When analysed chemically, it was found to 
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contain actually 95*8 per cent carbon and only 1-5 per cent 
copper. Fig. 121 shows the damage under the ‘‘nest.’" The 
defect is marked at / and consists of a short circuit between the 
two sections of one coil lying adjacent to one another. All coils 
were parallel connected so that there was no voltage difference 
between adjacent coils. In the case of this transformer, during 
a long period the maintenance man noticed leaking oil vapour, 
as though oil were being boiled out. Since, however, no smoke 
could be detected as a sign of burnt insulation material, the 
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transformer was allowed to continue in service until it was 
convenient to overhaul it. 

In this and all similar cases, actual ignition of oil is not 
likely since air is excluded from the arc or the heated place. It 
is often possible to determine the winding phase in which the 
defect occurs before dismantling the transformer, by measuring 
the transformation ratio of each phase. 

The causes leading to winding defects cannot always be 
clearly determined, but in many cases deterioration of the 
wire insulation by overheating due to overloading, or short 
circuits which have been cut out too late, are responsible. 
Overheating may also arise without there being any overload- 
ing, particularly when there are large accumulations of sludge. 
Inferior grades of oil containing acid are a further cause of 
damage to the wire insulation and may lead to serious defects. 
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Moisture in the windings or in the oil is another source of 
trouble. Very often an examination of the oil in the trans- 
former will provide a clue to the cause of the breakdown 
(Chapter XXXIX, para. 5, deals with this j)oint). 

Foreign bodies such as pieces of wire, nuts, washers, or drops 
of solder which have been carelessly left in the windings during 
eitlicr installation or overhaul are sometimes responsible for 
faults. A particularly large over-voltage may ruin a winding 
that was ])reviously in perfect order. The clfcct of a lightning 
stroke on the transniivssion lines in the immediate neighbour- 
hood of the transformer may damage the windings, even 
though protective gear is provided. On the other hand, exces- 
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sive voltages due to breakdowms to earth of the leads and also 
in the switchgear will not aflect a good transformer ivinding, 
except ill cases where marked resonance increases the voltages 
on the transformer. 

A further group of causes of trouble consists of mechanical 
irregularities in the (*onstruetion of the winding w Inch lead to 
damage of the wire or coil insulation. A winding which is 
insufficiently clam])ed may move at each short circuit or heavy 
overload, and after the short circuit spring back to its original 
position. This movement in the winding will almost certainly 
cause direct damage by abrasion. Often the movement 
increases with time, and after many short circuits causes 
appreciable displacement of the distance pieces. 

Fig. 123 sIkdvs a transformer wdiicli was subjected to arduous 
conditions with many short circuits, in which the winding was 
insufficiently clamped. On the left hand, where the sections 
are still complete, three jirojecting pressboard strips can be 
seen at the top which have been forced up by the pressure from 
repeated movement on short cireuits. These strips, used as 
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distance pieces between the inside of the winding and the 
insulating tube, liave moved 30 in. On the inner winding, 
consisting of wire wound edgewise on a tube, the distance pieces 
between tlie sections have become much displaced (see middle 
phase in illustration). Tt is obvious that windings whi(*h have 
become as loose as this will break down after a few further 

current sui’ges, and a 
short circuit will piobably 
develop. 

Air-cooled transformers 
are subject to similar 
troubles, with the exception 
of those arising in con- 
nection With oil. There is 
also an additional potential 
source ot trouble in that 
they may be fouled by dirty 
cooling air. In particular, 
“dead” pockets, that is, 
places where there is no 
through draught, cannot 
always be avoided and may 
accumulate dust and cause 
local overheating 

Winding defects should 
always be repaired either 
by the manufacturer or by 
w orkmen witli experience of 
the job. Large transformers, 
particularly for heavy cur- 
rents, can only be success- 
fully repaired by workers thoroughly familiar with their 
construction, (^areful supervision of the apparatus will to 
a great extent prevent winding defects arising. The trans- 
former should not be allowed to reach too high a temperature, 
and overload protective gear and cooling plant should be kept 
in order. From time to time, perhaps once a year, the oil 
should be tested as regards moisture content, change in colour, 
or accumulation of sludge. (See Chapter XXXIX, para. 5.) 
When an oil testing plant is available, the breakdown value of 
the oil should be tested on various samples. Transformer oil 
with at least 40 kV. breakdown value between the usual 
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electrodes (caps as specified in R.E.T. 1930 or balls of 12*5 mm. 
diameter), 5 mm. apart is, however, sufficiently good for almost 
all transformers. Standard British tests for transformer oil 
are given in B.S.S. 148, and are very similar to these. If the 
electrical strength is less, the oil should be cleaned or renewed. 
(See Chapter XXXIX, para. 5.) 

Air-cooled transformers should be ])rotected against the 
ingress of dirt with the cooling air, and where necessary filters 
should be provided. 

It is recommended that transformers subject to severe 
mechanical stress — for example, frequent short drcuits- -be 
lifted out of the tanks every two or three years as a precau- 
tionary measure. The windings should always be adequately 
clamped, and if necessary the clamping devices sliould be 
tightened. The coil connections should also be examined for 
signs of loosening. 

During any repairs or overhauls necessitating alterations to 
the transformer, no screws, keys, bolts, washers or any other 
metal objects should be laid down on the transformer, as they 
may be accidentally knocked into the winding. 

The protection of transformers against excessive voltages 
is a problem not yet fully solved, but it does not come within 
the scope of this book. Modern transformer construction, 
however, has advanced so far that excessive voltages likely to 
arise in service can almost always be dealt with by adequate 
insulation of the winding. 

2. Outer Winding Insulation. By outer winding insulation 
is meant those parts insulating one winding from the other or 
from other parts of tlie transformer. It includes also spaces 
between the windings more or less filled with layers of press- 
paper or pressboard, and the distance pieces between end 
windings and yokes. A break through any of this insulation 
is the equivalent of a breakdown to earth of the winding in 
question. It is usually followed immediately by a breakdown 
between turns due either to the local effect of the arc or to the 
transient voltage caused by the breakdown of the insulation. 
The external phenomena are in this case the same as those 
described in the previous section. The Buchholz protective 
device should already have operated as the result of a pure 
breakdown to earth, while the differential or ordinary excess 
current protective gear will be tripped when the short circuit 
appears. The insulation tester does not always show the 
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resultant breakdown, particularly when applied to a heavy 
layer of insulation. The insulation resistance may remain 
large practically indefinitely, since the insulation due to oil or 
air spaces will always renew itself, and there arc cases in which 
a breakdown to earth does not immediately put the transformer 
out of action. It may continue to operate, but the break- 


Fici. 124. Tracks Left by Creepagr Citrrents on the Surface 
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down will recur with the next small excess voltage. If the 
breakdown is towards the inside, a short damped crackling 
can usually be heard. Tf it is towards the tank, it causes a 
lighter, sharper sound, and in each case it is only a question of 
time before a short circuit between turns occurs. 

These defects of the outer insulation, which are extremely 
unusual in properly constructed transformers, are frequently 
caused by damp, inferior oil, dirt or foreign bodies. The outer 
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winding insulation will generally withstand safely excessive 
voltages of short duration, up to tlie magnitude of the approx- 
imate flash-over voltage of the terminals. The time lag in 
the breakdown of solid insulating materials and oil lias an 
advantage in such cases. 

Defects in the outer winding insulation on low-voltage 
transformers can often bo repaired on site by competent 
personnel. When damp, inferior oil or dust is the cause of the 
trouble, it is simply a matter of replacing defective insulating 
tubes, washers, or end distance rings by new ones, and doing 
the necessary drying and cleaning. 

Insulating pieces adjacent to the path of the breakdown 
often exhibit ti*a eking due to stray currents, as shown in Fig. 
124. These, Jiovever, generally only afl’ect quite a thin surface 
layer of the material and can be scraped off. The site of the 
damage to the winding sliould be repaired by careful renewal 
of the Avire insulation, and particular attention should then be 
given to cleaning and drying. Instructions as regards drying 
are issued by all manufacturers for all types of transformers. 
For heavy current transformers, it is advisable to apply to tlie 
manufacturers to carry out repairs, particularly when the 
cause of trouble has not been ascertained with (*ertainty. 

To ])revent tlie insulation defects mentioned, the same 
precautions are effective as those described in the previous 
cliapter for the prevejition of winding defects. 

3. Connections. By connections arc meant all conductors 
between the various winding parts and between winding parts 
and terminals. Connector defects may occur as breakdowns to 
earth, in the form of l^reakdowns to either the tank, the iron 
frame or othei* earthed (constructional parts, l^lie symptoms 
are the same as for a winding breakdown to earth. If the 
breakdown current is so small that the protective gear is not 
trij^ped, an arc to earth may exist for a long time, until it 
causes either a winding short circuit or until a hole is burnt in 
the tank and the oil leaks. The latter is, how^ever, of rare 
0(*currence. 

The other type of connector defect, that is, breakdown 
between two adjacent connectors or between a connector and 
the winding, naturally becomes apparent as a winding short 
circuit. 

The principal causes of these connector defects are damp, 
inferior oil, (iirt, and foreign bodies. In addition, as a result 
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of too low an oil level, parts of the connectors may project above 
the oil level, and flash-overs occur in the air between the 
adjacent parts or between them and earthed parts. In badly 
constructed transformers having the connections insufficiently 
supported, these may be bent by short-circuit forces and 
pressed either against one another or against other parts. 
This is particularly likely in the case of oil-immersed transform- 
ers with bare low voltage connectors, unless the connector bars 
are held apart at frequent intervals by distancje pieces. 

Insufiiciently supported connectors may sometimes be broken 
by vibration arising on long railway or lorry journeys. Trans- 
formers for traction service should obviously have the con- 
nections very firmly supported. 

When live parts are carelessly withdrawn from or replaced 
in the oil tanks, the connector insulation may be damaged by 
scraping on the edges or on welded seams. 

Connector defects can generally be repaired on site by 
competent workmen. The table below will serve as a guide to 
the amount of insulation necessary on the connectors of oil- 
immersed transformers — 


Working 

Voltage 

(kV.) 

Approximate Radial 
Thickness of the 
Connector Insulation 
(in.) 

Approximate Additional 
Distance through Oil 
(in.) 

6 

006 

0-40 

10 

O-OS 

0-60 

20 

0-12 

100 

35 

0-20 

1*60 

60 

0-27 

2-00 

70 

0-40 

2-75 


Note . — Tho thickriosses givHii for connector insulation refer to pressboard, 
presspaper, or insulating paper wrapped by hand on tho conductor. 


For heavy currents and in the case of air-cooled trans- 
formers, the distances are almost entirely dependent on the 
design, and the supplier of the transformer should be consulted. 

Connector defects in transformers can be prevented by the 
same expedients used to prevent winding troubles. Adequate 
support of connectors to prevent their movement, and the 
locking of all fixing screws may be particularly mentioned. 
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4. Bushings. In discussing these, it is necessary to dis- 
tinguish between flashing-over and puncture. A flash-over of 
brief duration generally causes little or no damage to the 
bushing. Porcelain terminals, particularly the larger ones with 
guards, may exhibit burning marks on the surface of the 
flanges as the sole effect. Bakelized paper terminals may show 
local burning on the insulation, but this is generally only 
superficial, llie quality of the insulation is so little reduced 
that it will withstand the normal voltages arising in service, 
and only further excessive voltages will lead to subsequent 
flash-overs. Flash-overs between two adjacent terminals will 
cause greater or less signs of burning on the terminal leads 
according to tlie kVA. in the short circuit. On adequately 
designed condenser bushings with sufficient means for (con- 
ducting away heat, direct punctures through a sound bushing 
hardly ever occur except with bad workmanship. Badly 
constructed bushings will usually explode if a puncture occurs 
(F'ig. 125). Tf condenser-type bushings are insufficiently dried 
before use, they are liable to puncture, and a puncture wiU also 
occur if, from mechanical causes or due to excessive heating, 
cracks form in the insulator body. The normal temperature 
variations due to load fluctuations or atmospheric disturbances 
will, however, have no effect on designs of terminals usual 
to-day. 

Ill addition to damage to the insulator from mechanical 
causes or by overheating, which are generally the result of 
careless erection or of some defect in the transformer, reference 
must be made to the damage caused by the use of unsuitable 
cement on the flanges (see Chajiter XXX IX, para. 3). Experi- 
ence has shown that this never occurs with a good cement. 
Deterioration of the oil in oil-filled terminals is unlikely to 
progress to such an extent as to cause a puncture. Even when 
there is leakage because the under side of the terminal connec- 
tion has become dirty, a modern insulated bushing has suffi- 
cient insulating capacity to withstand several times the normal 
operating voltage. 

Apart from excessive voltages, the most likely causes of 
breakdown are foreign bodies too near the upper part of the 
terminal, or a reduced oil level at the lower half, since the 
flash-over distance on this lower part of the terminal is gener- 
ally not designed for air insulation. In apparatus having several 
leads, when these are insufficiently insulated, there may be 
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breakdowns between one lead and another. If the leads are 
placed loose in a tube bushing, the trouble may be due to the 
insulation being chafed through on the edges of the tube. 

It is almost always necessary to replace defective bushings 
by new ones. Many defects can be prevented by careful 
mounting, during which the bushings are not subjected to liard 
knocks or placed in close proximity to the blow lamp used for 



Fio 125. CoNurNsER Terminal., showing Explosive Efilct 
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soldering. In the case of oil-filled bushings, the oil level should 
be checked from time to time. In most types of bushings, 
particularly for high voltages, glass expansion chambers or 
glass gauges facilitate continual observation. Equipment and 
framework should be at least as far from the bushings as the 
flash-over distance for the insulator. The bushing protects 
itself from breakdowns at very high voltages by reason of its 
inherent time-lag; and with the short duration of the surge 
voltage, since this rises appreciably higher than the flash-over 
voltage, flash-over occurs before an actual puncture. 


CHAPTER XXI 


TROUBLES IN INDIVIDUAL PARTS OF THE MAGNETIC 
SYSTEM 

1. Active Iron. The typical iron trouble in transformers is the 
building up of eddy current paths in the iron core around parts 
carrying magnetic flux. If the ratio of the induced voltage to 
the resistance of the eddy current patli reaches a sufficiently 
high value, the actual eddy current juay cause lieating at certain 
places, even to the extent of melting tlie iron. U])on this, the 
resistance at the i)lace concerned generally increases, the 
production of heat is less, and the trouble gradually ceases. 
On the other hand, the eddy current may start the damaging 
process elsewhere and even I)ecomc greater, not necessarily 
anywhere near the previous place. The very marked heating 
of the damaged places causes charring of the adja(*ent insula- 
tion material and probably the formation of further local eddy 
current circuits. It can be seen that this type of iron trouble 
may spread to an incredible extent (Fig. 12G). 

Experience has shown that such a process may (continue for 
a long time, the short circuit “burning itself out” many times. 
Sometimes holes as large as a hand can be found in a faulty 
iron core. Some of the iron lost from these places may have 
run out from the iron core, and the rest filled the interstices 
between the insulation. Drops of melted iron may be found 
at the bottom of the tank. 

Even if the effect has progressed to a considerable degree 
although the transformer still remains in service, the only 
external sign of the trouble may be increased humming. 
If, on the other hand, a Buchholz relay is fitted, the defect 
will be apparent at an early stage due to the emission of gas. 
If the damage has progressed until the trouble is at a critical 
stage, exceptional heating of the oil or even the appearance of 
smoke is probable. The differential and excess -current relays 
will operate when a really extensive short circuit has developed 
in the iron. 

After the transformer has been removed from service, the 
insulation may be tested between the individual clamping bolts 
and the laminations, also between the groups of laminations 
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to obtain some idea as to the state of the iron core The 
testing should be carried out with a supply voltage of 110 or 
200 volts, either with a testing lamp or with an insulation 
tester. It should be noted, however, that even if one or two 
short circuits per leg or yoke are detected, it does not nc(*es- 



Fig 126 Iron TRoiruLP on a Larc*f Tuansformfr Yokl 


sarily follow that the apparatus has serious iron trouble A 
connection between a clamp bolt and one packet of laminations 
at a single point is not sufficient to establish a short-circuit 
path A clamp bolt must be in contact with at least two packets 
of laminations and at two separate places before a complete 
short circuit occurs Trouble m the iron can only be diagnosed 
wdth certainty when either holes in the iron or drops of melted 
iron are found. 
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Iron troubles generally only arise in large transformers, with 
a core diameter of 12 in. or over. With smaller iron cores, 
the voltages in the eddy current path are hardly sufficient 
to overcome the insulation resistances which exist even with 
bad constructions or deteriorated insulation. Iron trouble is 
actually very rare in spite of the continual increase in the size 
of transformers. 

The cause of this trouble is in almost all cases insufficient 
cooling of particular parts of the iron core The cooling may 
have been deficient from the beginning due to faulty design, 
or it may have been reduced by deterioration of the oil in 
oil-immersed transformers, or by accumulation of dust in 
air-cooled transformers. Excessive local heating may char the 
insulating material and so allow current patlis through it. 
A less frequent cause of breakdowns of tlie insulation in the 
iron core is damp which has been present in the core from the 
beginning due to insufficient drying. Any damp which has 
accumulated in the oil during operation will have damaged 
the winding insulation before it affects the core. Bolts which 
have not been locked, and which have become loose either in 
transport or due to natural frequency vibrations during opera- 
tion, may be responsible for loose laminations and the cutting 
through of the bolt insulation. When there are badly fitting 
adjoining surfaces between the yoke and the legs, the insulation 
between laminations adjacent to this joint may be damaged. 
It must be admitted, however, that transformers constructed 
with the experience available to-day very rarely exhibit these 
faults, except in cases where there is excessive and continued 
over-voltage of the supply and consequently normal magnetic 
saturation is exceeded. Large portions of the magnetic flux 
then seek a way through the clamp bolts and cause eddy 
currents in the solid metal of these, sometimes burning the 
bolt insulation. The damage caused by iron trouble can be 
cured in its initial stages by renewing the insulation of the bolts 
and grinding with an emery wheel the burnt places in the iron 
on the surface of the core. Slight short circuits between lam- 
inations can often be burnt out with a small auxiliary trans- 
former giving about 2-3 volts and 100-200 amperes. When the 
trouble is extensive the iron core should be sent back to the 
manufacturer and the plates, bolts and insulation replaced. 

Iron trouble is unlikely if the core is divided into suitable 
sections; the insulation is then usually sufficient when the 
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manufacture is carried out carefully in clean conditions, as 
will be the case in any good modern factory. 

“Humming” of transformers arises from the periodical 
alternations of the magnetic forces between individual parts 
of the iron core. Every transformer hums when it is on supply 
but the degree of humming varies very much. It naturally 
increases in proportion to the size of the transformer, and is 
affected to a marked degree by the resonance conditions of the 
tank, plain tanks not being in this respect as good as ribbed 
ones. In most cases the unpleasantness of humming is more 
affected by the acoustic properties of the room in which the 
transformer is installed than by any other factor. 

Transformers with interleaved yokes and legs are generally 
less given to humming than those with butt joints. If, how- 
ever, the latter have good joints between opposed surfaces and 
there is sufficient pressure, the humming is not likely to reach a 
troublesome degree. When the noise is excessive the trans- 
former should be withdrawn from service and tested with a 
5 thousandths of an inch feeler, the pressure between the 
jointed surfaces being increased if necessary to give a proper fit. 

It happens sometimes after the transformer is put into 
service, particularly in the case of high voltages, that, in 
addition to the normal humming, a sharp crackling sound 
can be detected. There are always parts of the iron core 
which cannot be properly earthed, and these receive from the 
inner winding a capacitance charging current which passes 
over the point of weakest insulation in the form of sparks to 
earth — for example on a pressboard insertion between the 
yoke and the clamp plate. This causes the noise described, but 
the energy of the sparks is so small that they do not gener- 
ally cause any damage. The insulation may, in course of 
time, become slightly charred locally, and this provides 
sufficient earthing so tliat the noise creases. If, however, this 
does not happen a connection should be fixed for earthing 
purposes. 

2. Supports. By supports are to be understood the end plates 
of the iron core, the winding supporting frames and brackets, 
the winding clamp rings with the screws and tension bolts, 
the yoke clamp plates, and yoke clamp bolts. All these parts 
have primarily to be suitable for their mechanical purpose of 
carrying the forces due to pressure or support. They must also 
withstand the greatest short-circuit forces which may arise, 
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or the transformer may break down on the occurrence of any 
appreciable supply short circuit. Transformer construction 
has now progressed sufficiently for the forces likely to occur to 
be calculated, and the supports can be suitably dimensioned. 
Mechanical trouble in iron supporting parts is very rare in 
modern transformers. It should be mentioned that, for large 
outputs, circular, concentrically arranged windings are prac- 
tically universal to-day, since with these the forces due to the 
main current are exerted on the winding copper. In the case 
of sectionalized or sandwich windings, the forces due to the 
main current operate axially and must be taken up through 
the supports, and ])articular care is necessary in dimensioning 
the latter for out})uts above 3 000 kVA. 

When supporting parts give rise to defects, it must be 
determined whether the trouble is of electrical or mechanical 
origin. The winding clamp rings as well as the yoke clamp 
plates are usually sey)arated from the yokes by insulation 
distance pieces or pieces of press board. Between yoke clamp 
plates and yoke are generally inserted insulated dowel pins. 
When there is extensive deterioration of the insulation, or il 
it is bridged over by foreign bodies, there may be a short- 
circuited path linking parts of the yoke Ilux. In addition, the 
transformer may have winding clamp rings only slotted at one 
place and equipped with insulated connection screws. In this 
case the separating insulation needs only to be bridged over 
at one place for a short-circuit path to be formed round one 
leg. Trouble then develops in the same way as described in 
the })revious paragraph on iron trouble. 

Short-circuited paths may possibly be caused by the cutting 
through of the insulation as a result of movement due to 
transport over a considerable distance. When the active part 
is not sufficiently securely fixed in the tank, it may vibrate 
with the jolting of railway wagons, ships, or lorries, and in time 
extensive damage may be caused to the insulation. The 
damaged part may pass unnoticed at first, and w ill only break 
down due to foreign bodies or dirt as a result of careless treat- 
ment of the transformer. These defects will generally be 
noticed so early that they can be cured by replacing the 
defective insulation. 

Parts of the supporting gear may become statically charged 
even causing sparks, and to prevent such undesirable sparking, 
the parts affected should be earthed. For large transformers 



216 PAXJLTS AKD FAILURES IN BLEOTRlOAL PLANT 

it is desirable to carry out the earthing through resistances. 
These ensure that should a fault to earth arise, no dangerous 
earth currents can flow through the earth connection. For 
conducting away static charges, the thinnest resistance wire is 
usually sufficient. 



CHAPTER XX U 

TROUBLES IN THE COOLING SYSTEM 

1. Oil Tanks. The oil tank may fail iii operation, to a greater 
or less degree in both of its functions, that is, as a container and 
as a (‘onductor of heat. As a contaim'r, it has not only to 
(Miclose, l)iit also to prevent access of moisture or dirt to the 
oil. and in this (‘onnection the' change in oil volume with tem- 
perature must be taken into account. 

I'he worst fault is when there is a sudden leakage while 
the transformer is in service. If the loss of oil is not noticed 
before tlie winding has ])ecome exposed due to tlie drop in 
oil level, a winding defect will most likely ensue and the pro- 
tective gear of the transformer will trip out. If* this takes 
pla(*e rapidly, it reduces the danger of the oil ])eing ignited. 
These leaks, iKwever, do not often oc(*ur in servi(*e. Tlie usual 
cause is a breakdown to earth of the winding, or an earth 
between the oil tank and a lead. Badly welded joints are also 
a possible cause of trouble. Transforinei* tanks are to-day 
almost exclusively welded, due to the progress made in welded 
work. It may occasionally happen that the mechanical etiect 
of trails] )orting the transformer causes a welded seam to be no 
longer oil-tight. 

Often defects of this kind can be (*ured by caulking, in the 
case of boiler jilate tanks. If the trouble is confined to one 
place, a small area of metal should be hammered in the sound 
material immediately in its neighbourhood, and the leak 
closed as a result of the spreading sideways of the metal. 
Caulking of cracks can be done in the same w ay with a chisel. 
Jn other cases, tin soldering may be found effective, after which 
the surface of the iron should be smoothed out with a file. 
Open fissures should be welded together. In urgent cases, to 
prevent much loss of oil, oil-imniersed transformers may be 
electrically welded. With autogenous welding, the transformer 
tank must always be emptied. 

Dripping oil drain cocks can be cured by tightening uj) or 
by fitting a blank plate. Something of this kind is to be recom- 
mended on every oil drain. Oil drain screws can usually be relied 
on to remain tight, and rarely become loosened in transport. 
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The cover of the transformer tank, in the case of those 
transformers having an oil expansion chamber, must be bolted 
tightly to the case. A suitable packing medium is cork linoleum. 
If necessary, the tightness should be improved by tightening 
down bolts. When putting on new material of this kind, it 
should be vaselined so that when the transformer has to be 
opened at any later date, it will not be stuck too firmly to the 
surfaces of the joint. In the case of outdoor transformers, it 
is unlikely that the lid will be penetrated by damp, but there 
is the possibility that the cement between flanges and porce- 
lains may be a poor, non-watertight, material and disintegrate, 
allowing water to get into the transformer. If a good cement is 
used, this will not happen. Cemented places are less resistant 
to oil (see Chapter XXXIX, para. 3), and on that account 
there is very often a special packing washer between the flange 
and the porcelain. 

Damp may be carried into the oil in badly constructed 
transformers due to the “breathing.” In transformers without 
expansion chambers, for installation indoors, and also for use in 
the open air, there must be a sufficient circulation of air so tliat 
no water condenses under tlie lid. In the first ease, a gap should 
be left open all round between the lid and the lip of the tank. 
In the second case at least two openings at different heights are 
necessary so that as a result of the heating up of the air, it is 
maintained in continuous circulation. For further security, a 
heat insulating layer is often introduced under the lid. The 
breathing openings should not only be protected against ingress 
of rain water but also against dust. To achieve this, the air on 
its way to the inlet opening should pass through several baffles. 
In the case of outdoor transformers with oil expansion cham- 
bers, air drawn in as the oil level sinks is taken through a drier, 
in which the air is sucked over a hygroscopic substance such as 
calcium chloride. This substance should be renewed from time 
to time, probably at intervals of between two to six months 
according to the humidity of the air concerned, so that no 
water is condensed in the oil expansion chamber. 

The heat dissipating characteristics of the tank can be 
spoilt by the formation of sludge in the oil (see Chapter 
XXXIX, para. 5). Stray losses may also arise in the tank 
itself, since if the wave shape of the voltage or current curve 
is very distorted, due to causes external to the transformer, 
leakage fields will form in the tank metal. These result in eddy 
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current losses. That part of the tank extending above the 
level of the windings is particularly liable to this trouble. Such 
additional heating can often be located merely by feeling with 
the hand along the tank. Naturally, the normal decrease in 
temperature from the up])er to the lower parts should be kept 
in mind when doing iliis. 

Transformers with current loadings of from 600 to 1 000 
amperes at 50 cycles are often subject to heating by eddy 
currents arising when the lid forms a closed iron path around 
the individual conductors. Tf the lid is vslotted between the 
terminals corresponding to each circuit, this defect can be 
avoided. The slots should be covered with conducting material 
such as copper, brass, or bronze whicli, however, must not be 
magnetic. The actual cause ol the eddy currents is the strong 
magnetic lield around conductors, and this can be very simply 
prevented by a break in the iron path of a few millimetres. 

The oil tank should always be earthed, so that it does not 
become charged under the influence of the windings and thereby 
endanger persons coming into contact wdtli it. 

2. Oil Coolers. Oil -immersed transformers with air cooling 
have to be equipped witli auxiliary cooling devi(*es when the 
surface area of the oil tank dt)es not provide sufficient cooling. 
These cooling devices are either biiill directly on to the oil 
tank as radiators, or made uj) into a battery and mounted 
independently. In the latter case, there is generally forced 
oil circulation by means of a pump. Similar cooling devices are 
used in conjunction with fans for forced ventilation. Such 
coolers which have welded in tubes or a corrugated cover 
may leak due to mechanical damage. The comments made 
in the previous j)aragraph in regard to oil tanks which have 
become leaky apply also in this case. It may be necessary to 
tighten the fixing bolts on the flanges to compress the packing 
layer more tightly. If oil sludge forms, the cooling effect can 
be seriously interfered with as in the case of oil tanks, since the 
oil circulation is restricted. If, however, there is merely a 
slight accumulation of sludge, it is sufficient to swill the 
radiators with benzole to remove it. With the types of oil 
used to-day, these measures may not be successful, and in these 
cases a thorough washing out with liot oil will clean the radia- 
tors. (See Chapter XXXIX, ])ara. 5.) 

If the radiator of a transformer is vibrating in service, this 
is likely to be because the fixing bolts have become loose due 
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to the shrinka]^ jjf the packing material. Resonance vibrations 
caused in this way can be cured by tightening the bolts, which 
should afterwards be locked. If tightening on the flanges is not 
e^ctive, the radiators should be made rigid by welding 
stiffening strips of sheet iron on opposite sides. 

Transformers with internal cooling by water tubes may 
have water in the oil as a result of leaky cooling tubes, since 
the water inside the cooling tubes is at a higlier pi’essure than 
the oil outside the tubes. In*the case of external water cooling 
where the oil is kept in circulation by pumps, it can be so 
arranged that the oil in the cooler is at a greater pressure than 
the cooling water. The water in this case should be allowed free 
egress from the cooler, and the control valve should be fixed 
on the inlet side. If there is any leakage, the only consequence 
will be the leakage of oil into the water. 

The cooling tubes, according to when they were installed 
and the individual manufacturer, may be made of iron, tinplate, 
copper, brass or bronze alloys. The behaviour of these mate- 
rials as regards corrosion, and the formation of scale in the 
container, are described in (liapter XXXVll, paras. 5 and 6, 
It is important that the tube system be subjected, ])efore brung 
installed, to a pressure of several atmospheres, so that any 
leaky places can be detected and repaired. The flange connec- 
tions should be packed with cardboard treated with linseed 
oil. Quite a good design of cooler has vertical water tubes which 
open at the bottom into a water chamber into which the 
impurities of the cooling water can fall. This water chamber 
can be removed easily and cleaned. If two coolers are used on 
a transformer, the cleaning can be carried out without any 
interruption of the working. If the cooling water is very dirty 
a filtering device is necessary, and with the standards prevailing 
to-day it is possible to build coolers which will withstand the 
service conditions almost indefinitely. 
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TROUBLES IN CHOKE CtilliK 

1. Iron-cored Choke Coils. Almost the same defects may occur 
in choke coils with iron cores as those described for the different 
parts of transformers, and, in addition, some due to the so- 
called air gap. In order tliat current and voltage of the choke 
coils shall be proportional as far as possible up to the highest 
loading, the greatest part of 
the ampere-turns must be taken 
up by the air gap, while only 
a small remainder is absorbed* 
on the iron path. It is well 
known that the magnetic field 
tends to spread at the ah* gap 
as in Fig. 127, in an endeavour 
to reduce the saturation and 
find a smaller reluctance. The 
spreading of the air gap flux 
may even extend in amongst 
the neighbouring windings. The 
flux spread is more extensive 
the greater are the ampere- 
turns on an air gap, and the 
greater the distance between 
the iron core and the winding. 

If these ratios are very ‘bad, 
the flux proceeding at right angles to the layers of lamina- 
tions from the iron core crosses so markedly through the 
outermost sheets that excessive heating is produced by the 
eddy currents. This may cause the insulation on the lamina- 
tions to be burnt* and the same symptoms are exhibited as 
in the case of iron trouble in a transformer. In addition, the 
end plates and clamp bolts near the air gaps may be overheated 
by eddy currents, and cause damage to the insulation and 
oil. If the winding itself is made from wide copper straps, 
these are subject in the same way to additional losses. 

Since the cause of this trouble, as already mentioned, arises 
from too much variation in the distribution and concentration 
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of the induction and absorption of the ampere turns, a cure 
can only be effected by a complete reconstruction im])roving 
these conditions. The air gaps should be subdivided, that is, 
instead of several large gaps, a number of smaller ones should 
be jjrovided. Uiisym metrically tapped windings should in some 
circumstances be so altered that, by changing the tapihng, no 
flux displacements occur in the manner indicated above. This 
is achieved when the tapped winding parts are distributed over 
the whole core length, or are inserted or arranged (‘oncentrically 
in the remaining winding, 

2. Air-cored Choke Coils. For limiting the short-circuit 
currents in switchgear, air-cored choke coils are used. At peak 
currents these exhibit a constant reactance, since no saturation 
phenomena can occur. In plants witli large outputs these 
coils are subject to severe demands when a sliort circuit occurs, 
not only electrically but mechanically and thermally. 

They are subject to heavy electrical str(\ss since, at the 
beginning of short circuit, tliere may be on tlie coil ex(*ess 
voltages of short duration wdiich may be twice as high as the 
full working voltage. 

Mechanically they must withstand the forces arising from 
the high initial short-circuit current, ihe peak value of which 
may be equal to 21 times the steady short -cii’ciiit current. 

From the heating ])oint of view, severe loadiiig may arise, 
since the coils niay be on overload and in addition, on account 
of the time-constant of tlie windings, sutfer a ra])id increase in 
temperature wdien the short circuit develops. 

In all these characteristics, the reactors must have the same 
margins of safety as the machines and transformers. 

As a result of unfortunate experiences when current limiting 
choke coils were first made, these are now re(piired to be 
constructed only from non-inflammable materials, so that even 
with a failure a lire is avoided. The windings and coils are 
spaced with concrete, asbestos cement, or porcelain materials. 
For high voltages over about 15 kV., in most cas(\s sinqile space 
insulation by air is no longer sufficient, and the conductors 
must be wrarqied round with mica or asbestos, or both. 

With insufficiently insulated coils, particularly those with 
bare conductors, if damp or dust is present there is every 
likelihood that on the occurrence of high peak voltages a short 
circuit will arise, also a flash-over between the turns of the 
coils or windings. The winding short-circuited then forms a 
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short-circuited loop in which the transformer effect of the 
remaining windings produces a very high current. This 
generally leads to serious damage of the short-circuited part of 
the winding. Choke coils with concrete or asbestos cement 
insulation should be given a thick coating of varnish as a 
protection against damp and dust. At higher voltages the best 
protection is to employ thoroughly impregnated insulation 
as used in motors and generators. 

On stranded conductors, due to the current displacement 
with very large current peaks, considerable voltage differences 
may arise between adjacent wires on the surface of the con- 
ductoi’. In this case, burning of the copper wires may occur 
even though the outer insulation is good. 

Due io vibration, in sufficiently clamped c*oils may become 
loose and the wliole vinding collapse. 

In some conditions, any subsequent short-circuit peak may 
cause the adjac'cnt turns to touch one another, and the mechan- 
ical construction should be such that the winding can be easily 
pressed back into plac^e. After this, incidentally, nuts should 
be locked. In a good construction, the number of spacing 
pieces is so great that the c'onductors are only unsupported for 
short distances. 

In s])ite of the use of non-inflammable insulating materials, 
the loading as regards heat is ultimately limited due to the 
fact that cojiper softens at high temperatures. The jiermissible 
chopper temperature of 250"^ Q\ vspecified in the U.S.A. Standards 
may be taken as the maximum. 

Joints soldered wdth soft solder are a source of danger to 
the coil, since if they are heated unduly the solder may easily 
melt and flow on to the insulation ; also an open circuit 
w ill probably develop. Connections should therefore be silver 
soldered or welded. 

The three coils of a three-phase grou]) are often mounted 
one under the other for reasons of space. In this case, it is 
expedient to ]u*ovide a good support against the walls and 
cover. Also choke coils fixed adjacent to one another should 
be supported on opposite sides, since with polyphase short 
circuits, mutual forces occur between the coils. It should be 
further noted that iron objects near the choke coils are not 
only heated by eddy currents, but can even be drawn towards 
the coils by short circuits. No iron tools or othei apparatus 
should be in the vicinity of the coils, which are best contained 

i6~(T.43) 
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in closed cells. If the cell walls are near the coils, no iron must 
be contained in them nor in the doors. Cases have been known 
where iron cell doors have been torn from their hinges and 
drawn against the reactors. 

The reactance of current-limiting choke coils should as a 
rule be designed to absorb not less than 5 per cent of the 
normal voltage of the supply with normal current flowing, 
since otherwise the ratk’ of the short-circuit current to the 
normal current is too large. If only a smaller value of reactance 
is practicable from tlie point of view of maintaining the voltage 
in normal operation, a choke coil with a suitably higher rated 
current strength must be chosen such that at this rated current 
strength there is 5 per cent reactance voltage. The voltage 
drop is then with the smaller operating current proportionately 
smaller. 

The methods of construction of choke coils are at present 
in a state of development. It is a matter of opinion whether, 
at least for higher voltages, it woidd not be better to drop the 
demand for non-inflammability, and substitute for it a design 
having more regard for heating and better insulation of the 
conductors with paper and eotton covering, also perhaps even 
to introduce oil insulation. 



CHAPTER XXIV 

INDUCTION REGULATORS 

The air-cooled induction regulator is similar in its construction 
to the asynchronous machine. On this account one section 
of the troubles of asynchronous machines may also be applied 
to induction regulators. This grouj) comprises breakdowns 
to earth, short circuits between turns, distortion of the coil 
ends, and ex(*essive eddy current losses in tlie windings and 
constructional parts, as mentioned in J^art 1. The ])arallel 
operation of induction regulators requires pliase control, in 
order to avoid circulating currents when paralleling and 
adjusting for tlie voltage. 

Iron troubles are hardly ever met with in induction regula- 
tors. On the other hand, marked humming may occur, caused 
by vibrations of the rotor if the shaft has too much play in the 
bearings. Induction regulators are sensitive in this respect, 
and in bad cases it may be necessary to renew the bearing 
bushes. If the trouble is not so serious, it may be sufficient 
to place steel strips under one side of the bearing shells some- 
what out of the plane of rotation, so that the bearings are 
slightly canted. Further reduction of the noise may be effected 
by erecting the machine on a soundproof foundation. 

Failures of the moving parts depend greatly on the con- 
struction and design. In many cases, dirt is tlie prime cause. 

Oil-cooled induction regulators have an additional possible 
source of trouble in their tanks. The nature of these troubles 
and of those for the oil are exaetly the same as in the case of 
ordinary oil-immensed transformers. 

The swdtchgear associated witli induction regulators is 
discussed in ('^hapter XXXIII, para. 7 (b). 
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PART III 

AUXILIARY APPARATUS 
(CHAPTER XXV 

GENERAL TROUBLES IN INDIVIDUAL PIECES OF 
APPARATUS 

1. Excessive Heating of Magnet Coils. The results of excessive 
heating of electrical conductors are the same in apparatus as 
in machines and transformers. The only difference is that 
continuous mechanical stresses, due to the rotation, which occur 
in machines, and whicli aggravate the effects of overheating, 
generally do not arise in switch and control gear. 

Excessive heating in apparatus occurs generally on magnet 
coils and contacts. In the case of magnet coils it is important 
for the operator to have some definite data for the permissible 
loading in order to guard against serious mistakes v hen renew- 
ing such coils. The knovvk^dge of a safe loading figure is 
particularly necessary in avoiding mistakes when using alter- 
nating and direct current coils. 

In the case of direct current coils a knowledge of the ohmic 
resistance alone is sufficient to determine its operating curient 
at rated voltage, and therefore its power requirement. On the 
other hand, the current of an alternating current coil is generally 
fixed by the reactance, vliidi usually exceeds very consider- 
ably the ohmic resistance. Generally also this reactance, as 
well as the iron losses in the magnetic circuit of alternating 
current coils, will not be known, so that neither current nor 
power required can be calculated. With a knowledge of the 
ohmic resistance, and on finding that the current and loading 
are much too great when supplied from d.c., one can be certain 
that the coil concerned is an a.c. coil. 

In order that magnet coils for either type of supply should 
not be excessively overheated, the loss should not amount to 
more than about 0*4 to 0-65 W. per in.- of their surface. 

Overheating on properly designed direct current coils 
generally only occurs as a result of short circuits or breakdowns 
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to earth, which in turn are usually due to damp insulation or 
mechanical damage. 

An important cause of dangerous overheating of alternating 
current coils is the “locking out” of the armature in the open 
position. The magnet coil in this condition takes a much 
larger current than with the armature closed, and tlie coil 
overheats in a relatively short time. Overheating may also 
arise as a result of bad design of the iron constructional parts 
in the magnetic circuit, so that eddy currents can form and 
the winding receives additional external heating from this 
source. 

Short circuits between turns mainly occur on alternating 
current coils, since here the voltage between turns is greater 
than on direct current coils. The former arc also more liable 
to vibration since the iron core, particularly at low frequencies, 
is very liable to vibrate. 

2. Overheating of Contacts. Tlie heating of a contact is 
influenced by the magnitude of the current loading, the contact 
pressure, the surface area, and its cooling pro])crties. 

Excessive heating of contacts usually starts in the first })lace 
when, on exceeding a certain temperature, the contacts become 
oxidized. The contact resistance is thus raised, ultimately the 
contacts become red hot, and finally are elded togetlier, just 
as in the case of resistance welding used in v\orkshoj)s. The 
cause of this process is unusually high local contact heating 
and also, according to the heat-conducting capacity of the 
surroundings, considerable temperature increases of other 
nearby parts. The final result is ])robable damage to any 
adjacent insulating material. 

It is first necessary to determine if the contact has sufficient 
margin of safety against overheating. The dimensioning of the 
surface was originally done by the maker so that it may be 
assumed that it was correct, and also that the a])paratus when 
new was properly designed for the totally-enclosed or open 
construction, as the case may be. The permissible temperature 
rise above the maximum ambient temperature of 35° C. may 
be stated as about 35° C. for a contact. If a higher temperature 
is detected, the construction and loading of the apparatus 
should be checked to determine if they are as specified. The 
loading should equal the rated current and the ambient 
temperature should be observed. If this amounts to 40° C. 
or 50° C., for example, a contact temperature rise of 40° C. 
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or 60° C. may be dangerous to the contact, since its total 
temperature may then reach 80° C. or 100° C. and oxidation 
occur. 

It may be difficult for the maintenance man to decide 
whether a contact pressure is correct. The value of this may 
have altered since the delivery of the apparatus and it may be 
impossible to judge th^^ correct contact pressure for a certain 
current strength or to gauge it by the hand. The knowledge 
of a few numerical values is, therefore, useful even if these are 
only approximately applicable. The normal contact pressures 
on main current coTitacts may be taken as — 

For brush conta(*ts in air and in oil about ()*9 oz. per A. 

For solid contacts up to about 300 amperes about 0*9 oz. 
per A. 

For solid contacts with higher current strengths an appre- 
ciably higher jnessure is generally necessary on account of 
other factors, siich as sj)arking on switching in. 

Independently of the type of heat-conducting surface ot 
contacts, a certain minimum pressure must be maintained, 
since the heating o^'curring on contacts is principally deter- 
mined by the pressure. Tliis is particularly a matter of import- 
ance in the case of solid and roller type contacts. For contacts 
with very small currents, for example, auxiliary contacts, the 
values given above are obviously not a])plicable. Under these 
conditions a pressure of 5-0 7-0 oz. should be maintained. 
Auxiliary contacts of precious metals should have a contact 
pressure of at least 1*76 oz. 

A further cause of contact overheating may be the condition 
of the contacts. Contacts with inefficient extinguishing of 
the arc may become pitted or oxidized ; an almost non-con- 
ducting layer forms on the contact surfaces, and ultimately 
they may become welded together as a result of this. Pitting 
may also occur from using certain greases on the contacts 
which are liable to cause oxidation. These are mentioned in 
Chapter XXXVIII, para. 2. It should be kept in mind that 
it is better to use practically no grease than to apply too much 
or an inferior grade. 

A fur< her cause of the formation of oxide is the tinning of 
the contact surfaces. When an arc forms, tin oxide is de])Osited 
which is a very poor conductor and causes heating of the 
contacts. Tinning of contact surfaces should therefore be 
avoided. 
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In the case of oil-immersed copper contacts it is often noticed 
that their temperature shows a continuous steady increase 
so that eventually, for example, with oil-immersed switchgear, 
too high a temperature of the switch tank is reached. The cause 
of this phenomenon is a layer of practically non-conducting 
material on the contact surfaces, caused by oxidation and the 
formation of copper salts. A chemical analysis of the oil of 
such switches generally shows an increased acid content and 
considerable sludge formation. Since the oxidation first arises 
above a certain temperature, this trouble develops particularly 
when the oil is continuously heated due to external causes — 
for example, in starters. Where therefore there is a compara- 
tively high average oil temperature, contacts should not be 
loaded to normal values, but the loading should be suitably 
reduced. The dangers of excessive oxidation can be very 
effectively minimized by avoiding leaving a live contact 
uninterruptedly switched in for several months. It is good 
practice to switch out contacts every now and then and thus 
to break up the oxidized layers. 

A test which gives reliable information as to the state of 
contacts is the measurement of the voltage drop Avith direct 
current across the contact places, not only at the manu- 
facturer’s works before the apparatus is })ut into operation, 
but also after a certain period in service. This method is, 
however, seldom practicable in service since it requires for 
successful results direct currents of several hundred ainperes. 
Where possible, however, it enables those places in the circuit 
which are the cause of the overheating to be determined. This 
test has the advantage that it gives an accurate indication of 
changes that take place in the apparatus, as compared with its 
original state. 

3. Excessive Contact Wear. All (jontacts on control apparatus 
such as controllers, starters, relays and such gear, which are 
principally used for making and breaking a current-carrying 
circuit, are subject to burning. When opening a circuit, 
energy is released between the separated contacts which is 
expended in heat, and causes heating of the air and of the 
places on both contacts where the arc arises. At these places 
a certain amount of the contact material is heated to melting 
point and partially vaporized. The arc, particularly with 
direct current switches, is blown out to a considerable length 
by the magnetic blow-out field arranged at right angles to the 
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direction of the arc. This arc extinguishes itself almost instan- 
taneously, since the voltage required to maintain it is more than 
the working voltage. The wear and tear on the contact is 
dependent on the current and voltage, on the frequency of the 
switching, and on the quality and hardness of the contact 
material. 

The loss of material due to burning is very different for 
alternating and direct current, and is not directly proportional 
to the load which is switched out, but usually dependent to a 
much greater extent on the current. The wear and tear on 
the contact under similar conditions varies, and even with an 
equal number of switchings, according to wliether these take 
place at longer or shorter intervals of time. It is obvious that 
with very short time intervals between switchings, the contact 
has no time to cool off* between two sii(‘cessive operations and 
therefore becomes hotter. 

The contact material is the most important factor in con- 
nection with loss by burning, since tlie melting point varies 
with the material. Even in the same material the loss also 
varies with hardness, and it has been shown that this loss 
decreases very rapidly for degrees of hardness between 30° 
and 90° Brinell hardness, but above this less so. The hardening 
of contact materials above this limit is usually of little value. 

Very little loss occurs on contacts of precious metal, par- 
ticularly silver, when in the hard iniro metallic state. Silver 
contacts have the great advantage that the silver oxide pro- 
duced by the arc is an electrical conductor. 

It is surprising to find that the pitting normally occurring 
on contacts, as discussed in para. 2 of this chapter, as a rule 
forms much more readily on switches for low currents than on 
heavy current switches. From tests it is evident that this 
peculiarity is due to the fact that on switching out heavy 
currents the pitting of the contact surface is much more coarse 
grained than when dealing with smaller currents. This coarse 
grained contact surface is more readily crushed by the impact 
on switching in than the fine grained surface. The same effect 
is obtained in another w^ay with roller contacts, as the contact 
surfaces at eacli switching operation are rubbed against one 
another. In this case, however, under otherwise equal con- 
ditions the loss of material is much greater than with solid 
contacts. 

In particularly bad cases, as much as 100 volts may be 
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necessary to break through the oxide layer on contacts. This 
condition of contacts in an excitation circuit may have very 
unfortunate results. Contacts in which the resistance must be 
maintained permanently at a minimum — for example, with 
braking current circuits for traction ])urposes — must be so 
constructed that oxide formation never occurs under any 
circumstances. 

In direct current switches the loss oi conta(‘t material is 
largely dependent on the nature of the switching out. Usually 
the more quickly the arc is driven away from the place where 
it starts, the smaller is the loss. This is easily understandable, 
since the longer the arc is maintained at the same place, the 
more (*ontact material is melted and vaporized at these ])oints. 
If, on the other hand, the arc alters its ])osition rapidly, as in 
the case of switches with magnetic blow-outs, and arc horns, 
only the parts of the contacts other than the actual contact 
surfaces are heated to melting point. By arranging arcing 
horns on the contacts it is frequently possible to lessen very 
considerably the loss on the actual contacts. 

In air-break alternating current switches, the switching 
conditions are quite different. The arc generally extinguishes 
itself at the point when the current rea(*hes zero. On this 
account, only one, or a few, half weaves occur, and the tdectrical 
energy is appreciably smaller, at least with non-inductive 
circuits. For this reason no special improvement in extin- 
guishing is obtained by blow'-outs. Nevertheless wdth alter- 
nating current above a certain value, use is made of magnetic 
blow-outs to prevent the arc reforming after extinguishing 
at the zero point, due to the voltage rising again at a par- 
ticular opening of the contacts. Only with low’ voltages, 
below 150 volts, is it usual to dispense entirely with blow-outs, 
or some other expedient for extinguishing the arc. In the case 
of a.c. oil-immersed switches, the contact loss by burning, 
other conditions being equal, is much greater than on air-break 
switches w ith arc blow -outs. 

Direct current oil switches should as far as ])ossible be 
avoided for use for breaking circuits on load. The energy of 
switching is in this case much greater than in a.c. switcdies, 
and the arc causes such a marked carbonization of the resinous 
constituents of the oil that after only a few switchings the 
latter becomes opaque and the contacts very dirty. The 
chemical process is described in Chapter XXXIX, para. 5. 
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The oil has to be examined frequently and if necessary filtered. 
In addition, the switch frequently has to be cleaned along its 
sliding surfaces on account of the heavy deposition of carbon. 

With air-break switches, in addition to burning of the 
contacts there is burning of the arcing chamber, its extent 
depending on the inflammability of, the materials and the 



Fig. 128a. Typical Contact Shape 
Excessive width allow’s strong sideways h^ccs on tlie arc. 


efficiency of the switching out. If the arc is blown out perfectly 
straight, its path cuts the arc chamber at a tangent and has 
very little effect on it. If, on the other hand, the arc is blown 
on to the arc chamber walls, these are soon burnt through. 
This generally happens with unsuitably shaped contacts, but 
can be avoided by shaping the contacts as shown in Figs. 128a, 
128b, and 129. For each contact there is a '‘critical breadth’* 



Fig. 128 b. Contact Divided by Slitting to Reduce the 
Sideways Components 

below which the arc, even though it strikes on the outermost 
edge of the contact, is yet always led in the proper path 
parallel with the arc chamber. If, however, the contact 
breadth is too great — ^that is, more than about 1-2 in. — the 
sideways current component (Fig. 128a) and its particular 
magnetic field in the contacts and in the arc are too great. The 
arc then strikes into the arc chamber and remains in this 
position, in which it causes damage to the contacts and to the 
arc chamber. 
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The loss by burning of the contacts and the arc chamber can 
be reduced by slotting the contacts as in Kig. 128 b, \vhi(‘h 
reduces appreciably the Bide^\^ays component of the current. 
The slots must, however, 

have a certain minimum B/ow-ouf- Ftefd Lme^ 


width, since< otherwise on 
switching operations they 
will become welded to- 
gether. 

The f)ro])er shape foi* a 
butt contact is shown in 
Fig. 129. The building up 
of a strong sideways com- 
ponent is prevented by 
chamfering the corners. 
The current ])ath is here 
used for maintaining the 
external blow-o\it field. 

When switching is associ- 
ated with re-ignition, there 
may be also greatly in- 
creased loss of material 
from the arc chamber. Fig 



ChamFermg to give support to the b/ovv- 
out Field from the current flow 
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130 makes clear the process 


when sv\it(*liing a large current with ordinary contacts. As 
long as the places where the arc strikes on the inner sides of 
tlie contact horns mo\e upwards, their distanc‘e increases 



Fi(. 130. Re-ignition of Arc 
ON Contacts wriiioi r Auclno 
Horns 


continually. After passing over 
the tips of the horns the arc, 
how^ever, ina\ traved fartlier on 
down the backs of the horns, 
which brings the striking places 
nearer together again so that 
the strip of air already ionized 
will continue to have an arc 
across it which w ill ])robably burn 
sideways into the arc chamber. 
Arcing horns are also an effec- 
tive protection against this. 


Their action can be seen by comparing Fig. 131 {a) and (6). 


Both contact shapes were subjected to the same breaking 


kVA. with the same speed of break. The increased burning 



234 FATOTS AND FAILURES IN ELECTRICAL PLANT 

of the arc chamber, indicated by the complete burning through 
of the arc shield in the case of the contact without horns, can 
be seen at a glance and can only be explained by the re-ignition 
of the arc. 

Burnt places noticed on butt, roller, or other oil-immersed 
contacts are often quite unnecessarily a source of worry to 
the maintenance staff. These contacts, even butt contacts, 
which in their new condition made contact over a surface, may 



Fig. 131 BniNivCr oi Arcing Shields by iiij Arc wnii 
Variois Contac I Shapcs 

(а) Cont ut wif Mont irc iiig horns Vk shn Id burrit through 

(б) Contact with an iiig horns An shield r> littk d imaged 


later make contact at one point only. The loss by burning, 
therefore, does not make the contact pressure any less than 
might have been expected in any case. Only the loss of material 
which occurs finally sets a limit to the burning, and settles 
when contacts must be replaced 
4. InsulBcient Insulation. Apparatus operating in air 
sometimes exhibits insulation faults m the form of creepage 
tracks. Breakdowns through the insulation are, on the other 
hand, much larer. Obviously, the flash-over voltage is fixed 
by the condition, and, to a lesser degree, by the length of the 
creepage surface It is therefore necessary to protect the 
surfaces of the insulation against the accumulation of dust and 
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dirt. Air-break and oil-immersed switclies inevitably form 
creepage tracks in time, due to carbon forming on switching, 
and should therefore be cleaned out at intervals. 

Dampness is another cause of many of the troubles aiising 
in electrical apparatus. Apparatus fixed in very damp places 
should at least Jbave a good flow of air through it. Apparatus 
used on outdoor plant may be affected ])v condcmsation of 
water, due to air, which, entering through the cable conduit, 
may condense on dangerous places and tlins lead to defectsi 
The taiilvs of outdoor apparatus should on this account be 
protected against the ingress of air. TIu‘ simplest expedient 
is to pack the conduit at the entrance into the tank as tightly 
as possible with sand. 

Relays and protective devices are often mounted on slate 
panels. Breakdowns through these panels between parts of 
the apj)aratus wliich are under voltage are tlie result of bad 
construction, for example, insufHcient insulation of the live 
parts against the panel, or jioor quality slate containing veins 
of conducting material, but before everything, inadequate 
treatment oi the slate by the maker of the ajiparatus. 

In d.c. apparatus, particularly field coils, the insulation 
may be damaged by electrolytic action, that is, corrosion. 
This is most likely with single-pole coils which, v\hen switched 
out, remain permanently connected with one lead to the 
positive jiole of the supjdy. This trouble (*an be avoided by 
connecting the coil lead under voltage to the negative pole, as 
shown in Fig. 154 (u) and (h). When coils cannot be connected 
in this way immersion in paraffin gives protection against 
corrosion to some extent. In coils with both leads disconnected, 
this })henomenon generally does not occur. 

The use of unsuitable soldering material, i.e. flux, leads to 
the formation of verdigris and eventually to damage of the 
insulation. 

The breakdow n of oil which develops in the oil itself is 
described in Chapter XXXTX, para. 5. in the present chapter 
only those causes of breakdown! arising in the associated 
apparatus arc discussed. The maximum stress on the oil in 
apparatus always occurs when a metallic point comes o})posite 
to a metallic plate under voltage. The voltage drop near the 
point with this arrangement is several times the average voltage 
drop reckoned on the distance between point and plate. When 
the point is opposite a curved spherical shape, the conditions 
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are appreciably improved. This feature is usually considered 
by the manufacturer during construction, but the maintenance 
man should be aware of it, in order to be able to carry out 
repairs on high voltage apparatus. The rule also applies to all 
those cases where, instead of oil, there are solid insulating 
materials such as presspai)er, or wood, under voltage in the 
same way. The danger of a breakdown may even be increased 
by using insulating material with a layered construction such 
as wood, if the direction of the layers corresponds with the 

direction of the voltage drop, and a 
pointed electrode enters in the same 
direction into the material, as shown 
in Fig. 132. 

Defects are often too readily attri- 
buted to breakdowns or Hash-overs 
arising from excess voltages, in cases 
where the existing insulation distances 
cannot be punctured by the working 
voltage alone. There is undoubtedly 
a tendency to attribute to ex('essive 
voltages any phenomena which are 
not clearly understood, and in many 
causes excess voltages, the origin of 
which will not be discussed here, 
actually are the cause of the trouble. 
It is frequently, however, advisable to ignore the possibility 
of excess voltages and first to seek some other ex])lanation. 
When this is done, badly fitting or loose contact screws on 
the terminals of oil-immersed switches which may easily 
cause sparking ai(' frequently detected. Under these con- 
ditions, glowing metallic j)articles may be thrown off and 
comparatively large air gaps may be flashed over. Finally, 
a permanent are to earth or between phases may form. 
Careful su 2 )ervision during erection and periodical survey of 
all j)ossib]e loose })arts of the apparatus usually will result in 
reduction of the number of supposed “excess voltages.” The 
spanner may often need to be supplemented by a brush, since 
a dirty . ondition of the plant, which may be covered with 
cobwebs, will also cause flash-overs. 

An insulation defect is often suspected when a certain 
amount of crackling noise is apparent externally, but on with- 
drawing the apparatus from the oil no signs of a defect may be 
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ArrECTTR) BY Pl^NCTlJli:. 
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seen, the oil being in good condition and no foreign matter 
or creepage tracks visible. This phenomenon may be due to 
several causes. There may be in the apparatus some device, 
such as a protective resistance, buffer resistance, heating 
resistance or the like, intended to l)e connecting one of the 
other live parts either to earth or to an external current source, 
but which is not actually doing so. This device is then elec- 
trically at a neutral potential, and according to the capacitance 
conditions may discharge to earth at a certain voltage so that 
from outside the apparatus the crackling of charge or discharge 
sparks can be heard. In many types of switches, the connection 
with the buffer contact and protective resistances is by sliding 
contacts which, with heavy switchings, often become coated 
with carbon so that the contact is ineffective and a defect 
arises. In these cases, the parts concerned should be tested 
as regards the good condition of their contacts and connections. 

Often in oil-immersed apparatus, constructional parts v liich 
normally are electrically at a neutral potential are responsible, 
and for this reason cause audible discharges. Generally, these 
parts can be electrically connected either with the remaining 
live parts or to earth, which puts an end to the trouble. Dis- 
charges also occur when apparatus is put under voltage too 
soon after filling with oil while air pockets still exist in tlie oil. 

Many insulation defects, such as burst porcelain insulators, 
are caused by internal mechanical stresses arising during either 
manufacture or erection. During transport, these stresses are 
probably released and crack the insulators. Bakelized paper 
insulators may be damaged by atmospheric* influences, and 
varnish coats which are not weatherproof may allow the 
surface of the insulator to be damaged. 

Defects in insulating parts consisting of oil-treated wood 
generally arise as a result of wrong treatment of tlie wood, 
or unsuitable application. Wood treated in this way, when 
properly manufactured and applied, can be considered a most 
reliable insulating medium. A conspicuous characteristic 
indicating the conclition of a wood or bakelized paper insulator 
is the temperature it attains during use. If trouble is suspected, 
the voltage should be taken off the insulator, which should 
then be felt with the hand. This method is not suitable for any 
heating appreciably above the surroundings. 

5* Mechanical Faults. Mechanical faults likely to arise may 
be caused by insufficient lubrication, deposition of carbon, 
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fatigue effects in apparatus on very heavy duty, or too high 
a temperature. Other causes may be insufficient resistance 
against the very varied transient effects, wrongly dimensioned 
and overstressed springs of all kinds, or mechanical wcai' in the 
bearings, pressure places, triggers or other constructional parts. 
Insufficient lubri(*ation and deposition of soot generally arise 
in the case of apparatus for use in the open air. Due lo marked 
variations in tcinpeiature and atmospheric influences, the 
chemical permanency of the lubricant may be unsatisfactory. 
Chapter XXXVTIF, para. 2, gives data on the behaviour of 
certain lubricants in the cold. Jn outdoor ai)paratus, particu- 
larly isolating switches, the danger of failure of the lubrication 
is very great, on the one hand because it is only rarely in use 
and on the other hand because the switch l)lade itself, or the 
adjacent parts, remain continuouslv under M)ltage and the 
lubrication on this account cannot be checked. It is therefore 
particularly to be recommended that in very (‘old conditions 
such apparatus should be operated mechani(*ally several times 
when tlie oj)portunity arises. The remarks hi (liapter XXV, 
para. 4. regarding insulating capacity and dam]), a])ply ccpially 
to meclianical failmes from deposition of soot. 

Very often serious failure's occur ot those mechanical [larts 
which are seldom in use. Accumulations ot water on joints 
and similar places may fre'cze and jam tlie ap])aratus. Pi*o- 
vision should therefore be made for tlie drainage ot water from 
such parts. 

The operating meclianisms of oil-immersed switcligc'ar of 
the open-air tyjie may devc'lop troubles from (]uitc general 
causes, such as severe frost in winter. The incTcased viscosity 
of switch oil at hjw tf‘m])crtitures ma} also have a bad effect on 
switch operation. In plant to withstand veiy low temjicratures, 
good results ai'C obtained by incorporating heating resistances 
in the oil tanks. Before the onset of cold spells these should 
be tested to ensure that they are in an efficient condition. 

Troubles with mechanical parts of the apparatus trac'cable 
to electrodynamic effects are more minutely described in the 
sections on those parts they affect. It is generally known that 
electrodynamic damage is particularly severe in tlie terminal 
connectioj.s of a.c. generators where it is increased by the very 
compact arrangement of the conductors. Such troubles often 
occur also in plant for low voltages, and high short-circuit 
currents are very liable to occur in these cases. The opposite 



TBOUBLES IN INDIVIBITAL PIECES OF APPARATUS 239 


is usually the case in high voltage switchgear, and very high 
current loadings rarely arise. With high working voltages the 
leads have such large distances between them that electro- 
dynamic effects cannot reach a dangerous degree. With the 
assistance of the simple formula given below, the maintenance 
engineer can calculate the effect of a short circuit l^etween 
parallel conductors and estimate tlie possible damage. 

Two parallel conductors carrying the same ciurent to and 
from, as in Fig. 133, are exposed to a foice calculated from 

F -= 4-5 X 10-« X /- < ilia) lb. 

in whi(4i 

/ — current in each conductor in amperes. 

1 -- length of the parallel portion in in(‘lies 
a — distance betw^een the parallel conductors in inches. 

When the direction of current flow is the same in both < on- 
duct ors, the force attracts, when it is different in the two 
conductors it repels. 

Between singlc-pliase conduc- 
tors, the for(*es ]mlsate with the 
frequency ; in three-phase conduc- 
tors in a stationary condition 
they are almost balanced and only 
occur in the case of a sliort (‘ircuit 
with unsymmetrical current distri- 
bution. 

The occurrence of dangerous 
short-circuit currents is particu- 
larly to be expected in low -tension 
converter a})paratus for direct 
current. Unusually lugh short- 
cii-cuit currents occur more parti- 
cularly in rolling mills in wdiich there are very large d.c. 
generators generally supplying rolling mill motors. When a 
short ciremit o(*curs the latter, due to their inertia, all operate 
as generators and feed into the short circuit. Places likely to 
be in danger in this way should, therefore, be equipped with 
very strong supports for the leads. 

With displacement of the leads, it is necessary to take care 
that ])orcelaiii supporting insulators are not unduly stressed 
by the weight of the heavy copper conductors as regards either 
tension or (compression. 


/ 
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CHAPTER XXVI 

SWITCHGEAR 

With direct current, aii -break switches are the only ones wliich 
can be used in practice, but for alternating current both air- 
break and oil-immersed switchgear are possible. 

1. Air-break Switches, (a) Blow-outs. Faulty operation 
may be traced to the failure of the blow-out when switching 
out. In such a case the magnetic circuit should be tested with 
the switch carrying current, to see if it is effectively excited 
by touching the pole plates with an insulated piece of iron. 
If the blow-out is correct, a light magnetic pull corresponding 
to the normal current can be clearly felt. In bad constructions, 
leads to the blow-out coils or their windings may be partially 
short-circuited by the arc. When switching out weak currents, 
appreciably below the rated currents at a high contact voltage, 
a failure may easily occur if the blow-out is too weak or the 
distance between the opened contacts too small. If the blow- 
out field system consists mainly of solid iron or iron with 
excessive residual magnetism on direct current, the arc may 
even be forced into the switch. This is particularly likely 
when, immediately after handling a strong current in one 
direction, a weak one in the opposite direction lias to be 
interrupted. 

When switching in alternating current air break switches, 
an arc is often observed which is not always due to unsuitable 
construction of the contacts. The arc occurs, particularly with 
high voltages, simply as a flash across the decreasing space 
when the contacts are approaching one another before the 
final position. This phenomenon can be prevented by raising 
the speed of switching in, to the maximum possible. 

(b) Arc Length with Direct Current. When air is ion- 
ized by an arc, its dielectric strength is greatly diminished. 
If the arrangement of the arcing chamber is not good, 
breakdowns to earth may arise as a result, or the arc itself may 
seek a path other than that provided for it. It is obvious also 
that a short-circuit load to be switched out may exceed the 
rated capacity of the switch. If the highest load (highest 
current and voltage) to be switched out by the switch is known, 
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its arc length on switching out a non-inductive circuit can be 
approximately determined from the following formula— 

I -- 0-12 X F 0-^ X /«•*« 

in which 

F — recovery voltage. 

/ working current before switcliing out in amperes. 
I ~ the aj)proximate arc length in inches. 

By means of the curves in Fig. 134, it is possible to determine 
graphically the approximate arc length from the known 



Current Strength, amperes 


Ficj. 134. Lkno.th of the D.C. Arc Relative to Current and 
V oLTAOE IN A MaoNETIC BlOW-OUT FiELD WITH ABOUT 500 GAUSS 
Induction, and a Non-inductive Circuit 

values V and /. From this arc length it can be seen whether 
the switch lias sufficient space to allow the drawing out of the 
arc without breakdowns to an adjacent phase, or to earth, 
occurring. The arc lengths found by means of the above formula 
can be appreciably shortened by incorporating cooling devices 
in the arc path. The cooling, however, tends to encourage 
excessive switching-out voltages and cannot, therefore, be 
carried out to any great extent. 

(c) Over-voltages. Highly inductive circuits make switch- 
ing out appreciably more difficult, since the magnetic fields of 
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the inductances which have to be destroyed on the interruption 
of the current cause high over-voltages, which arise on the 
switch contacts and, in some circumstances, may amount to 
many times the working voltage. The over-voltage not only 
increases the switching load, but the work of switching out with 
an inductive (*ircuit is much greater since the whole of the 
energy of the magnetic field fiows into the arc. Consequently 
much more gas is developed than when switching out circuits 
without inductance. 

The magnitude of the over-voltage is usually particularly 
dangerous in inductive auxiliary circuits, such as field coils, 
where the magnetic circuit has its path solely in the iron and 
the large number of turns introduces a very large inductance. 
If such circuits are broken by switches having magnetic blow- 
outs or by contacts immersed in oil, an excess voltage amount- 
ing to several thousand volts may quite possibly arise. This 
is the cause of many flash-overs in auxiliary circuits, which 
often appear quite incomprehensible. When blowing of fuses 
which cannot be explained occurs in d.(\ auxiliary circuits, the 
cause should be sought in this direction. 

An effective remedy consists in arranging a non-induc*tive 
resistance in parallel with inductive coils through which the 
released magnetic energy can flow away and be dissipated. 
The circuit -breaker arc then be(*omes very small. If possible, 
this resistance should be made the same size as the ohmic 
resistance of the circuit to be isolated, because then its effect 
is greatest as regards the value of the over-voltage. Switches 
intended for interrupting the field circuits of electrical machines 
are usually constructed with a discharge resistance. When 
switching out in this case, the resistance ])arallel to the coils 
is first switched in, and then the main cir(*uit broken. 

A further protection against over- voltages, ])rincipally on 
auxiliary coils in circuit with relatively light switch contacts, 
is the parallel connection of condensers, which absorb the 
released energy and reduce the arc. 

2. Oil-immersed Switches. The actual pro(»esses during the 
switching out of an alternating current under oil are of a 
very complicated nature and they will not be discussed in 
detail here. The most important from the practical point of 
view will, however, be explained. 

(a) I^RESSURE Explosions. The so called ‘‘oil piston” 
theory of switching out is to-day generally confirmed by 
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switchgear practice. The arc under the oil produces gases by 
decomposition. These gases compress the oil which can only 
expand upwards, so that an ascending oil ])iston forms If this 
reaches the switch cover, and more gas is developed during 
the time the arc continues to burn, excessive pressure occurs 
inside the switch. The pressure arising irom this pro(‘Css may 
exceed the pressure capacity of the swit h, when an expkxsion 


Position , L 
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occurs and the switch is damaged. Tn switclies of old types, 
it was the oil tank which would not withstand tlie ])ressure, 
as shown in Fig. 135. 

(h) (Jas Explosions. When switching out takes place, the 
ball of gas formed may come to rest on toj) of the oil, before 
the oil ])Lston has readied tlie cover of the switcli. This occurs 
witli switches in w hich the contacts are not sufficiently deeply 
immersed in the oil. Jn this case, burning may take place above 
the oil level. At each operation gases are formed wliich collect 
in the air sjiace above the oil level. When the ratio between 
gas and air has reached a certain value the mixtiue becomes ex- 
plosive and if, for any reason, a spark is formed simultaneously 
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— ^for example, a discharge spark on the bushing flange of 
an insulator — this may cause an explosion. Properly con- 
structed switclies should have the bushing flanges immersed 
in the oil below the oil level, so that discharge sparks in the 
space above are avoided. 

* A mixture of gases caused by previous switchings may, 
under some circumstaiices, be ignited without there being any 
external cause of ignition, due to the rapidly ascending hot 
ball of gas which is evolved by a heavy switching operation, 
particularly when the exhaust openings are too small or wrongly 
arranged. Modern switches should withstand without damage 
gas explosions arising from normal switchings and from gases 
ignited in the above way. 

Switch defects traceable to pure gas explosions very seldom 
occur, and in most cases the trouble is caused by insufficient 
capacity of the swdtch tank to withstand pressure. 

The most severe demand on an oil switch occurs when there 
is a steady arc under the oil, which is generally a result of 
defective insulation. In this case, the switch is stressed far 
above its pressure caj^acity and will certainly fail. 

(c) Subsequent Explosions After heavy switchings by 
oil-immersed switches the greatest care should be exercised 
before approaching or examining the a})paratus. If too quick 
an attempt at examination is made, there is the danger of 
further explosion. This may take place because after heavy 
switching a quantity of gas always remains above the oil 
level. If the oil container is let down an explosive mixture 
of gas is formed with the outer air which enters, and this 
mixture, if ignited from any sour(*e, may cause severe burning 
of anyone in the vicinity. A sufficient interval should be allowed 
to elapse for the gases to be cooled and to escape before opening 
the switch. A very effective guard against tliis danger is a 
remote controlled device for draining the oil tank. 

The danger of these subsequent exjilosions is particularly 
great in switch tanks with ‘‘relay chambers.’’ The relay 
chamber is a closed space for housing instruments, control 
gear, and so on. It is connected by small openings with the oil 
container and in some cases contains also contacts for auxiliary 
circuits. When frequent operations are carried out at short 
intervals of time with such switches, switch-gases collect in 
them, which mix with the air of the relay chamber and may be 
exploded by the contact sparks. 
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There are also types of oil-immersed switches with which, 
in the ‘‘open” position, the breaker-contacts of the three 
phases situated on a common cross-piece are not wholly 
immersed below the oil, the contacts still carrying voltage. As 
these contacts are under voltage they may suffer a direct 
short circuit with a steady arc across a track on the cross-piece, 
along carbon which has accumulated due ‘ o heavy switching. 

(d) Oil Throwing. In oil-immersed switches of old types 
serious defects sometimes occur due to badly airangod or too 
large vents in the cover, even if the switch itself is adequate 
for breaking the kVA. With heavy switchings, oil and carbon 
may be thrown out through these openings and settle on or 
between the terminals, causing short cinaiits betA\cen phases. 

More modern switches have the vents, which cannot be 
entirely avoided, so arranged that the oil does not come out 
anywhere near the terminals but underneath. 

With heavy switchings, it is impossible to avoid ejection 
of oil at these j)oints. The oj)enings protect the switch against 
too great a ])ressure rise and should on that account not be 
closed up. In switches having a high pressure (‘apacity the 
openings may be made so small that even vith very heavy 
switchings the loss of oil is limited to a few pints. 

When erecting oil-immersed switches which are mounted 
on the floor, the sho(‘ks occurring as a result of switching out 
must be taken into account, since they have a tendency- to 
lift the switch off’ its foundations. These shocks occur when 
the oil piston comes into contact with the cover. They are 
very powerful with high sw itching loads, and may exceed many 
times the weight of the s\\it(*h, including its oil. Lifting forces 
of over 10 tons acting on the foundation bolts have been 
detected on heavy-duty switches for breaking capacities of 
over 1 000 000-k\^A. 

{e) Contact Distortion. When switching in on short- 
circuit, and also wdien there is a short circuit with the switch 
closed, there is a probability that “contact distortion ’ will 
occur. This results from the electrodynamic forces occurring 
at the moment of switching in, due to the heavy short-circuit 
currents which act on the contact parts. Burnt places may 
be left and the contacts may even be welded together. 
This distortion can be usually assigned to the two following 
causes — 

1. The current path formed by the contact cross-piece and 
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the down rods tends to open, and as a result forces away the 
flexible cross-piece in a downward direction as in ^i^^. ISOa. 

2. The current first flows through one point on the contacts 
and afterwards moves to anotJier path, as indi(*ated in hig. 
136b. Since currents flowing in different directions repel one 
another this causes the contact to lift. 

In nioderrj switches special measures are taken to minimize 
this danger, such as the use of suitable finger and other ty])es 
of contacts. Tn old types of switches the butt contacts can 
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often lusel'ully l)e divided into scweral finger contacts, and at 
the same time the c()nta(‘t ])ressure raised. 

(/) Swiix^n UrsTSMANC’Fs Another cause of svsitcli trouble 
is the failure of built-in resistan(*eo, for example, buffer resist- 
ances to limit the swit(‘hing-in (‘urrent surge in transformers. 
Open-circuiting on such resistances may result in a ])ermanent 
small arc, and wires or leads which have bec'ome loose may 
lead to flash-overs. If tlie switch fails to operate, resistances 
may remain permanently connected and burn out. Failure of 
mechanisms to operate when switching in and out has been 
responsible for many disastrous switch explosions. Efficient 
supervision and testing for such apparatus is therefore one ol‘ 
the most important requirements for the maintenance engineer. 
The meciianical troubles of switch o])eration are discussed in 
Chapter XXV, para. 5. 

(( 7 ) Breakin^g kVA. Many defects in oil-immersed switches 
are entirely due to wrong choice of swit(*h. The switch may 
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have insufficient breaking capacity, or the protective relay 
may not be mounted in a suitable manner. 

Adequate allowance should always bo made for the fjighest 
possible switch-breaking capacit v. ])aiticularly in plant wJiere 
the load may increase from time to time. This is a fac'tor of 
great importance to-day wher(‘ increasing paralleling of powder 
stations results in rapidly -growing su})ply systems It should 
be kept in mind that the demand on a mol or sw itch is not fixed 
by the rated load of all the motors controlled by the switch or 
that portion of the plant which is connect(*d to it, but by the 
greatest })ossible short-circuit load of all the generators con- 
ncct(*d in ])arallel w hen there is a sliort cir(*uit beliind the 
switch. Oil-inimerseil switches or switch oil tanks are j)ar- 
ticularly affected by the short-circuit forces released, since in 
this case the momentar\ highest short-circuit load has to be 
iiiteiTupted instead of the ap])reciably smaller steady short- 
circuit loafl, which onl\ occurs after a few seconds. Motor 
switch tanks are usually dimensioned for the highest possible 
short-circuit load of the motor. If, howe\er, a cable short- 
circuit dcAuiops between the terminals ol the motor and the 
switch, this may gi\e rise to a much higher short-circuit 
current. In all such cases where short circuits may occur in 
the cables between tlie switch and the consuming apparatus, 
an essentitil ])rotectioii is to connect an oil switch in series with 
the o])erating switcii. The latter should then only be equipped 
with a thermal ])rotective device suitable for the connected 
motor, whereas the oil switch should have an instantaneous 
tri])ping (le\ic*e set to operate in case of a short circuit. 

In arranging the selectivity of the switches, the shortest 
time of operation shmild be associated with the switch with 
the largest capacity, so that the short-circuit current, w^hieh 
is greatest when it first occurs, is broken by this switch. 

The aim in jiractice to-day is to limit the effect of defects 
in oil switchgear. This is done either by building the switches 
in sef)ara1e cells or by the even more satisfactory method 
of sinking the oil tank below^ the concrete floor of the switch 
house. 

The satisfactory o])eration of oil switchgear can only be 
guaranteed when its behaviour on the heaviest short circuits 
likely to occmr in operation is experimentally checked. The 
leading manufacturers have built special short-circuit testing 
plant to provide proper testing facilities for oil switches. 
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8. Isolating Switches, (a) Wrong Operation. If isolating 
switches are wrongly used, for example, drawn while under load, 
serious damage to the switchgear will result. Very often there 
is such a serious outbreak of fire as to necessitate the use of 
extinguishers. The operator of a switch should always, before 
withdrawing it, be prepared for trouble and re-close the switch 
immediately on the appearance of a dangerous arc. In this 
way it is possible to avoid serious damage. Isolating knife 
switches are generally not constructed for operation on load 
p and they should always be locked. 

i V. A electric arc resulting from with- 

l rDT" drawing the swntch while carrying 

f — |"|T’ current is not provided for, either 

V electrically or mechanically, and con- 

1 sequently it develops in an uncon- 

I ^ trollable way, and may spread to 

I adjacent conductors or Hash over to 

V earth. 

^ I (h) Throwing Out. In addition to 

wrong operation of isolating switches 
I discussed above, these may be 

» p opened for another reason. As a 

Fkj 137. Ei.LcrRoi)\MAMic result of unsuitable arrangement of 
FoTirEs, l\ Acting on a Die leads to ail isolating switch, when 
kSwitcii Hladi. AND iNsi - sliort circuit occurs, due to the 

electrodynamic enect in the contacts 
there are appreciable forces tending to open the switch blade. 
This may consequently be thrown out as shown in Fig. 137. To 
prevent this, the switch lilades should, whenever possible, be 
placed so that the direct pull of the circuit holds them in place. 
The opening of a switch by itself is shown in Figs. 138a and 
138b. This failure was produced experimentally and it was 
shown that in the case of Fig. 138b ‘the switch opened with 
65 000 amperes and for Fig. 138a the incomplete opening was 
with 45 000 amperes. Both illustrations also show^ clearly the 
changes of direction in the current path giving rise to mechanical 
forces wdiich act on the switch blade. 


In addition to the forces which open switch blades, other 
forces occur wdiicli may reduce the contact pressure accord- 
ing to the isolator construction. Particularly with isolating 
switch blades which are bolted to prevent their automatic 
opening, there may be sideways movement of the contact 
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as in Fig. 139, causing sparks and damage to the apparatus 
unless the isolating switch is specially protected against this. 
In the isolating switch in Fig. 140 this phenomenon has 
occurred during the passage of about 50 000 amperes. This 
switch w^as equipped with bolts to prevent its automatic 
opening In more modern designs not only are the contacts 
protected against burning, but special care is taken to prevent 
the breaking of the insulators at the same time, since the 
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opening force obviously has also to be cariied by these Experi- 
ments have shoun that oidinary knife switches with short- 
circuit surges of 20 000 amperes are generally th^o^\n out. 
Isolating s\\it(*h blades with a suitable protective device against 
automatic throwing out and against (*ontact movement have 
withstood short-ciicuit cui rents up to 100 000 anqieres. 

(c) kSwitching Out Tkansformeks on No-load With 
suitably designed and constructed isolating knife switches, 
transfoimers up to certain sizes can be switched out at no-load 
with safety. On the other hand, for operating voltages over 
about 100 kV. transformers on no-load are very seldom isolated 
on account of the excessive arc length. When using air-break 
switches out of doors, the direction of the wind should be taken 
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into account since in bad cases flash-overs between phases are 
almost unavoidable. When isolating wattless overhead sup- 
plies, approximately the same arc lengths occur as in the case 
of transformers on no-load of similar current loading. When 
opening the isolating switch, special care is necessary on 
account of excess voltages occurring. Pigs. 141a and 141b 
show the arcs arising when isolating a transformer on no-load. 
It is an advantage to operate the isolating switch so that the 
contacts are opened with the maximum possible speed, which 
somewhat reduces the arc length. With slowly operated switches 
when overhead supplies are to be isolated, excess voltages occur 
due to re-ignition of the arc. Such excess voltages are much 
less likely to occur with oil immersed switches. 



CHAPTER XXVll 

MEASURING APPARATUS 

1. Meters. Electrical meters are subjer'* to very diverse 
troubles, which may arise in connection v ith their design, type 
and degree of precision, their fixing and their use. The causes 
of trouble can be divided into those arising in the meter itself 
and those due to the effect of environment on the meter. Of 
the numerous possible internal meter troubles, one need only 
mention bearing friction, eirors in calibration due to insuffi- 
ciently balanced rotating parts, errors in the scale, bent 
pointers, sticking pointers and all internal results of overloading. 

In this chapter reference will only be made to a few of the 
general external causes of trouble affecting operating instru- 
ments and also portable measuring apparatus. Paragraph 31 
of the Verband Deutscher Elektrotechiiiker regulations for 
meters distinguishes two classes G and H ol oi>erating in- 
struments, and defines their degree of accuracy as in the 
following table, in percentages of the full measuring range. 


T^'pe of Iiisti unieiit Class C , Class H 


Curroiit, voltagf and loud nietor'^ lor direct and 

alternating current . . . . i 1 i 

Pouer factor meters ... . J 2 

The permissible error for an ammeter of Class G witli 15 
amperes range and a scale divided into 150 sections is therefore 
-±_ 2-2 scale divisions or j 0-22 amperes. The same deviation 
in scale divisions is also permissible for the smaller readings. 
The measuring range of an instrument should on this account 
be so chosen that the highest value to be measured gives 
a full-scale deflection. Ilie corresponding British practice is 
covered in B.8.S. 89, in which, however, only one grade of 
instrument is recognized, and the permissible errors are 
generally similar to those for class G above. 

Large errors often arise from rubbing the glass face of a 
meter with a cloth, as a result of which the glass is electrically 
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charged. This can be cured quite simply by damping the glass 
by breathing on it. 

( а ) Moving Coil Instruments. These are used for measur- 
ing direct current and voltages and liave a construction similar 
to that of the model instrument illustrated in Fig. 142. 
Between the soft iron pole shoes of the permanent magnet there 
is a powerful magnetic field. The main ])ortion of this magnetic 
flux passes directly from one pole across the air gap, where it 

cuts the moving coil carrying 
current to be measured through 
tile central soft iron cylinder 
to the other ])ole. A small part 
of the flux, the “leakage field” 
extends outside this path be- 
tween the back surfaces of the 
poles in an arc through the air. 
This leakage field may affect 
adjacent similar instruments 
(particularly precision instru- 
ments) if they are very near. 
The influence, however, is so 
small as to be of little moment 
in switchboard instruments of 
modern construction. 

On the other hand, moving- 
coil instruments on switchboards may be directly influenced by 
the magnetic fields of nearby direct current condu(‘tors, such 
as bus-bars or cables, which affect the coil and disturb the 
reading. In addition, such external fields if they are very 
strong are able to alter permanently the field of the permanent 
magnet so that the meter requires (‘omjilete overhauling. 
Less often it may hap])en that strong alternating currents 
with their alternating magnetic fields pass near the ])erinanent 
magnet, and due to the continuous magnetizing and demag- 
netizing tend to weaken it. Any test results are useless if this 
type of influence is affecting the switchboards or measurements. 

(б) Moving-iron Instruments for Direcjt and Alter- 
nating Current. With these types of instruments, which are 
very common on switchboards and will withstand heavy 
overloading, a coil induces a magnetic field flowing chiefly in 
the air, which exerts a pull on a movable iron armature. 
Troubles may therefore arise, with both kinds of current, from 
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external stray fields which predominate over the meter field 
and cause incorrect readings. Screening from external 
fields by an iron housing is possible, especially for alternating 
current instruments, but disturbing direct currents may lead 
to the formation of poles in the screen. 

(c) Hot-wire Instruments for Direct and Alter- 
nating CURRENT. The (‘haraeteristic v^^akness of this type 
of instrument is the great danger from overloading, when the 
wire may be easily burnt out. 

Since the position of the pointer 

is fixed by the temperature of 

the wire, the reading is depend- / j 

ent on the ambient tempera- / m 

ture. The effects of variation j | \ 

in this temperature can usually 

be observed by alterations in , j ^ 

the zero of the instrument to .. 

correspond witli high or low^ , 

room temperatures. Modern 
types of this apparatus guard 
against this trouble by provid- 
ing temperature compensation, 

or else a high working temper 

atiire of the hot uire. (WAnju^TEB) 

Strong external magnetic 

fields may afiect hot-wire instruments, since the hot wire 
becomes a conductor placed in a magnetic field. Very brief 
current surges -for example, sudden loads- cannot be measured 
by this type of instrument on account of their thermal time lag. 

(d) Dynamometer-type Instruments for Direct and 
Alternating Current. These may be divided into two 
classes, those constructed without iron and tliose with iron 
casings. Fig. 143 shows one of the former type. 

In tlie case of open dynamometers the fields of both systems 
are entirely in air. On that account, the weaker their self- 
excited fields, tlie more are they subject to the influence of 
external fields. In alternating current instruments, trouble 
may be caused by a magnetic field of the same frequency, but 
not by a steady external field. In wattmeters the error, par- 
ticularly with a low power factor, may be very considerable. 

The magnetic fields of the fixed and moving coils in the 
closed type of instrument flow mainly in an outer shell and in 

i8-~(T 23) 
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the core. The inner fields are usually quite strong, and external 
fields tend on this account to have little effect on the moving 
coil. Magnetic troubles are, for similar constructions, the same 
as for d.c. moving coil instruments. 

Dynamometer-type wattmeters may be damaged by being 
wrongly connected as in Fig. 144 (6). Between two coils there 




(a) (b) 

Fig. 144. Connection of a Single-phase Wattmeter 

(а) Correct. Small voltage between current and voltage coiK. 

(б) Wrong. Supply voltag(* between current and voltage coils 

St = Current coil. Sp - Voltage coil, RV - SerieR resistance of the voltage cod. 

should be the lowest possible voltage to prevent internal 
flash-overs along creopage paths. 

(e) Rotating-field (Ferraris) Instruments for Alter- 
nating Current, Voltage, and more especially Power. 
The torque is the outcome of the electromagnetic forces 
between the magnetic alternating field and the eddy currents 
induced by it, which circulate in a solid aluminium disc. The 
recording of this type of instrument is dependent on the 
frequency. The ambient temperature influences the reading 
considerably, also the heating of the aluminium disc with 
continuous loading. External causes of trouble are practically 
non-existent. 

(/) Power Factor Meters of Open and Closed Types. 
In the most generally used crossed-coil type, a voltage coil 
rotates in the field produced by a fixed current coil. In power 
factor meters, especially registering instruments, the reading 
is not reliable for current strengths below 20 per cent of the 
rated current, since the motive force is too small. These instru- 
ments are affected just as are open and closed dynamometer 
type instruments. Permanent magnet fields and the fields of 
heavy current conductors should be kept at a distance from 
both instruments. 

{g) Testing for Causes of Trouble. A simple test for 
instruments is to verify if the pointer with the instrument 
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disconnected rests accurately on the zero of the scale. If dis- 
turbing influences are suspected, they should be removed; 
for example, an adjacent conductor switched out or a nearby 
instrument or iron parts taken away At tlie same time the 
deflection on the instrument should be noticed. Finally, an 
instrument may be tested by removing it fiom its usual place 
on the switchboard after the attachment of long temporary 
leads and testing its deflection again under otherwise similar 
conditions. In such cases, careful consideration of all the 
possible disturbing factors is necessary. 

Internal defects of instruments can generally only be 
repaired by experts. 

As a general guide to the use of instruments, it should be 
kept in mind that all their current leads both to and from, 
and also any adjacent leads carrying heavy currents should, 
as far as possible, be placed close together. (See Chapter 
XXXI, para. 1.) They should also be so arranged with res})ect 
to the instruments that their influence on the latter is as small 
as possible. It is important that instruments are only used 
in their own working position on the sjvitchboard, since their 
moving system is generally specially balanced for this position. 
When connecting such apparatus as load meters and power 
factor meters, care must be taken that the leads and terminals 
are correctly connected together. Diagrams of connections 
should be used but it is advisable to check these first. 

2. Potential Transformers. Sometimes potential trans- 
formers are provided with fuses on their secondary side. When 
these blow unnecessarily the supply may be cut off, particu- 
larly if protective relays are supplied by the potential trans- 
former. (For example, in Fig I GO, with blowing of the middle 
fuse at b.) In the reverse-pow'er relay a blown potential 
transformer fuse causes an altered phase-angle of the mag- 
netizing current in the voltage coil, as a result of which the 
relay operates and eventually trips the circuit. The same 
trouble in the case of a voltage regulator produces a corre- 
sponding effect to a sudden voltage drop, and the regulator 
conseciuently endeavours to raise the voltage, exciting the 
generator u}> to the liighest possible value. This causes heavy 
circulating currents between machines running in parallel, 
or in the case of a single generator, a large increase in volt- 
age. With synchronizing devices such defects in protective 
gear may result in incorrect paralleling. For this reason it is 
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better not to apply protective devices on the secondary side of 
potential transformers when these supply protective relays or 
regulators. Sufficient protection for the transformer itself is 
given by the primary relays. In the design and lay-out it is 
important to ensure that when fuses blow, no short circuits 
of the bus-bars or breakdowns to earth are caused by the arc. 

Nowadays suitable primary fuses are employed with series 
resistances which appreciably reduce any chance short circuit 
on the terminals of the transformer, and at the same time limit 
the short-circuit arc. Defects in the transformer ratio through 
this series resistance hardly ever occur if the resistance is 
suitably chosen. 

3. Current Transformers. Tliere are three common causes of 
failure of this apparatus — 

1. The transformer gives wong values, that is, it has an 
incorrect ratio of transformation. 

2. It is not protected against heavy short circuits and may 
be damaged by such. 

3. Flash-overs may occur due to insufficient insulation and 
the effects of overheating. 

The defects arising in connection with the third group have 
already been mentioned in Chapter XX, since they are common 
to both current and power transformers. 

(a) Errors in Transformation Ratio. When tracing a 
ratio of transformation error, the starting point is to check the 
actual load and compare it with the value shown on the meter. 
It should be remembered that the ratio of transformation of 
a current transformer will only be accurate up to a certain 
loading within the range for whi(jh it is designed. The secondary 
loading varies with constant primary current according to the 
impedance of the secondary circuit. Fig. 145 illustrates the 
secondary loading in voltamperes and the transformation ratio 
relative to the secondary load impedance w^hen a constant 
current flows on the primary side. It can be seen that the 
transformer ratio from a certain load upwards becomes greater, 
since the secondary current decreases, although the primary 
current remains the same. This phenomenon is caused by the 
increase in magnetic flux with iiKTeasing secondary voltage, 
so tliat a stronger magnetizing current has to be handled. 

When trouble has developed on current transformers 
supplying relays and instruments in addition to an ammeter 
or wattmeter, it is often found when the current transformer 
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is tested that it appears accurate according to the calibrating 
standard, that is, when an ammeter only is used for loading. 
The defect first appears when the apparatus in operation is 
connected to it. Since, then, the voltage across the ser ondary 
windings of the current transformei is higher, if the \\inding 
insulation is somewhat weak a flash-over may occur which 
the small test loading does not bring to light. 

In addition to the transformation ratio in current trans- 


formers with precision accuracy, the checking of the phase-angle 

of the currents is important. By ■ 3 ' 

phase-angle is to be understood ^ 

the angular deviation in minutes ^ ^ /^\ 

of an arc of the secondary current ^ 

vector from its true place, i.e. 180° ^ ^ / \ 

opposite to tlie primary current. ^ I / 

The influence of tlie phase-angle / 

occurs particularly when measur- If/ / 

ing inputs to motors and trans- ^ 7 y/ 

formers on no-load, since then | 

very low power factors occur. ' r 

It is obvious that at low power ^ ^ 

factor an angular deviation of the 
secondary current has more in- .. 

fluence on the efiective eompon- tekisiksoj CuunENr Trans- 
ents than if the measuring is being iokmeh muh Consiant 
done at unity power factor. iiuMAin Ci rkent 

Excessively large variations, of the phase angle may very 
likely be caused by defects in the protective resistances. These 
are intended to protect the primary winding from damage on 
the occurrence of short circuits. Further details regarding 
defective protective resistances can be found in this cha[)ter, 


para. 3 (c). 

Small variations of the transformation ratio may result from 
the polarity test, which may be carried out either by the 
manufacturer or by the official testing bureau. For this the 
connection shown in Fig. 146 is usually enijiloyed. To deter- 
mine the winding polarity the current transformer is supplied 
with direct current, and the deflections of a voltmeter connected 


to the secondary winding are observed when opening and closing 
the primary switch. This means that the core of the transformer 
has some magnetic remanence after the test coiTesjionding to 
the flow of the direct current. On this account it exhibits with 
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a subsequent alternating current test certain errors in the 
transformation ratio and in the phase angle. The remanence 
is best removed by supplying the transformer with alternating 
current from a separate generator, the frequency of which is 
gradually redacted so that the alternating current strength and 
frequency ap])roach zero. 

(h) Shoet-cikcuit Stresses. The characteristic of current 
transformers when used in conjunction witli other parts of 


+ 



Fig. 146. Ti^:st I’oii 
Polarity with 
Dirkct Ct^rrrnt 

ON (yfTRRKNT 


electrical plant such as generators, motors 
and power transformers is that under some 
circumstances they may have to withstand 
abnormally high short-circuit currents. 
These short-cu*cuit conditions frequently are 
the most severe on circuits containing auto- 
transformers. 

All othei- types of ai)paratus limit cither 
directly or indirectly, by means of their 
short-circuit impedance, the magnitude of 
the (uirrents (xjcurring in them due to supply 
short circuits. Siiu^e the impedance of a 
current transformer must be as small as 


Transformer 

(J) (UiiTont tran'^foriiuT. 
(2) Polarized voltmeter. 


j)ossible, it has practically no influence on 
tlui magnitude of a short circuit arising in 
its load circuit. 


Ac(*ording to where the current transformer is placed in the 
system, short-circuit currents of different strengths may have 
to be carried by it. The stress on a transformer is determined 
by the ratio of the highest short-circuit current occurring to the 
normal current. This ratio increases the smaller the normal 


current is when compared with the capacity of the supply. 
It is obvious that this ratio is also dependent on the distance 
of the transformer from the power station. 

In the system shown in Fig. 147 the following short circuit 
stresses can be calculated at the assumed place of short circuit, 
negle(;ting the cable impedances. 


Normal curroiit of gonerator ..... 3 000 A. 

Traimieut short -circuit current of tlio generator 

If) X 3 000 A 45 000 A. 

Steady sliort-circuit current of the generator 

] -6 X 3 000 A 4 800 A. 

Normal current of tliii current transformer . . . 100 A. 



MEASTJBTKG APPARATUS 


261 


Transient short-(*ircuit curront 
45 000 

- 450 X normal furroiit of trausforiner. 
Steady short-c*ircmt current 

— 48 > normal (Mirrcnl of transtormcr. 


The transformer is liable to be damagerl both from heating 
and mechanically by these high currents. The l.ighest per- 
missible short-circuit current is chiefly fixed by tlie rating of 
the transformer at normal current. For most current trans- 



Fl(.. 147. Di\(,KAM Ot CoNMAIlONS Vsui) J<(>K eAL(lTAlIN(, UIl. 

SifoKr-ciJ<( I n Sjuuss on a Gi kujlnp TiiAN'^roiiMi n 
Tr 1 1 iiistoiim Is M Cum nt ti.iiistoiiiK i 

formers, according to the design, its value ma\ be ovor 100 
times normal current, assuming a short-circuit time of about 
1 sec. 

The ability of a current transfornuu’ to withstand magnetic 
forces is obviously entirely dependent on its (‘onstruction. It 
is, however, generally smaller in the case of transformers ^of 
an accuracy corresj)onding to the official s])ecifications than in 
transformers where less precision is recpiired, chiefly because 
the former necessitate a larger number of winding turns than 
the latter. ‘‘Through'’ type current transformers of the usual 
construction and with small normal currents have not the 
precision required by the official spec'ifications, since they are 
simply arranged round the conductor and consequently have 
only a single primary turn. This type of instrument is, how- 
ever, entirely satisfactory under short-circuit conditions. 

Breakdowns sometimes occur with short circuits, even 
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though the current transformers are made thermally and 
electrodynamically to withstand tliese short circuits. Due to 
the high current, a com})arativcly high voltage occurs, mainly 
between the primary leads, whicli may puncture the insulation. 
The resistances placed in parallel witli the primary winding 
as a protective device may be damaged, especially when 
they are not well mounted, have bad terminal connections, 
or are dirty. Many manufacturers use protective resistances 
made of silicon carbide. Since, however, on the one hand, the 
resistance of these is closely depenilent on the voltage, and, on 

the other hand, when they 
are subjected to the sudden 
stress caused by a short 
circuit, flash -overs along 
the outer surface may 
occur, in certain cases 
metallic resistances are 
more suitable, especially 
when low ohmic resistances 
are necessary.* 

With heavier loading of 
the current transformer 
and on the occurrence of 
short circuits, breakdowns 
between turns in the 
secondary winding naturally occur much more readily than 
with low^er loading. In the first case, the winding voltage is 
correspondingly higher, and since the winding moves during 
the short circuit, it is damaged more easily by the higher voltage. 
In current transformers of old designs, very long coils are 
usually found which behave in a much less satisfactory manner 
ill case of short circuit. 

With high-current transformers having ta])pings for different 
transformation ratios, very high voltages may aiise. The 
highest voltage occurs between the open secondary terminals 
of the unloaded portion of the windings, and reaches a 
maximum at the highest primary current, and when the 
secondary loading is connected between the lowest tappings 
to give the lowest transformation ratio, as in Fig. 148. This is 
partly due to the primary lead, 2, being unsuitably arranged 
in the opening of the core and partly to the distribution of the 
* Borgci . Bulletin Schwtiz, ElettroleUm. VtitinSy 1927, Hook 2. 
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secondary winding on both legs. It is generally possible to 
effect an improvement by distributing the primary current 
bus-bars over the whole of the gap of the core. A fundamental 
improvement is also achieved by clistributing secondary wind- 
ings between tai)])ings on both legs. 

(c) Insolation Defects. A reliable earthing of the second- 
ary winduig of a current ti'ansfonner on the transfoi'mer itself 
should always be provided, to avoid intcinal discharges and 
damage to connected instruments and apparatus. When 
repairs are to he undertaken, or when changing instruments 
during operation, the transformer should he protected against 
its secondary winding being open-ciicuited, since this would 
be a source of great danger to the workmen. In modern 
eipiipment a simple short-circuiting device is available for this 
purpose and should he provided on the transformer before it 
leaves the manufacturer. 

In oil-immersed current transformers insulation defects may 
he a very serious matter, since they may result in an explosion 
of the tank. The gases formed by sparking under the oil may 
be mixed with air above the oil level and ex})lode or cause too 
great a ])ressure. in exactly the same way as in the case of oil- 
immersed sw'itchgear. Any phenomena suggestive of this 
process should, therefore, I'cceive careful attention. The 
periodic checking of the oil level and the condition of the oil 
are very important with high-voltage current transformers. 



CHAPTER XXVI 11 

STARTING AND REGULATING APPARATUS 

Many of the troubles met with in starters are traceable to 
conta(*t defects wliich are described in Chapter XXV, paras. 
2 and 3. 

1. Controllers. On controllers, faults occur particularly with 
switching operations, generally reversing (altering the direc- 
tion of rotation of motors) and changing the grouping of 

motors, for example, from series to 
parallel connection, and vice versa. 
On a.c. controllers with this opera- 
tion there is the danger of short 
circuits between phases, witli d.c. 
controllers breakdowns between 
poles, and in the case of traction 
(‘ontrollers breakdowns to earth. 
Fig. 149 illustrates the occurrence of 
a short circuit due to the drawing 
out of arcs. The cause is in most 
cases the same. When switching 
over, one circuit must first be broken 
before it is connected again with 
reversed polarity. From the mechanical point of view the 
switching over is generally correct, since mechanical interlock- 
ing is used to ensure this. The arc, on interruption of the cir- 
cuit, however, requires a longer or shorter time to extinguish 
itself according to the magnetic conditions. There is thus a 
danger that it will continue to . burn at the place where the 
circuit is broken and result in a short circuit if the circuit 
is immediately closed again. The troubles occurring at the 
instant of reversal or of change of grouj)ing are generally solved 
by testing, bearing this in mind. 

Controllers on certain drives, particmlarly cranes, rolling 
mills and similar duties, must withstand very severe conditions 
due to the continual reversals. At the same time they must be 
well protected against dust and dirt, which again usually results 
in their being insufficiently ventilated. The switch gas evolved 
as a result of the continual switching cannot escape and on 
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Short Circuit when Re- 
versing A Motor 
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this account may cause flash-overs. Loss of material due to 

burning of contacts is discussed in Chapter XXV, para. 3. 

Controllers, especially for traction purposes, should be 
easily operated, since if this is not the case the apparatus and 
consequently the veliiclo is not propei ly under the control of 
the driver. Too much force has to be exerted to move the 
controller into the desired position, witli the flanger that it may 
be pushed past the proper place. If the sv itching mechanism 
is too stiff, there is the additional danger lhat the contacts do 
not engage properly, and they may have too little pressure. 
The troul)les arising from this are described in Chapter XXVI, 
para. 2 (r). A good traction controller sliould operate so easily 
that if pJaced in a position between two steppings it falls by 
itself into one ot these steppings. 

2 . Air-cooled and Oil-immersed Starting Resistances. Air- 
cooled starting resistances may become defective as a result 
of too liigh a temperature, oxidization, and unsuitable material, 
for example, iron resistances. Other materials, for example, 
brass, are subject to short circuits between different resistance 
groups, since tlie resistance grids may become distorted and 
come into contact A\ith one another. Attention should always 
be given to adequate spacing of the resistances. 

Careless manufactui'e may result in invisible material defects 
such as cracks, jiarticularly at bends, wliich in service lead to 
ap]:)arently inexplicable failures. This is especially likely on 
resistances exposed to continuous viliration, for example, on 
crane or traction service. Resistances of various kinds of cast 
iron are particularly sensitive in this respect and need reliable 
supporting devices. 

Often maintenance staff, due to lack of instruction, arc dis- 
turbed by the a])]iarently excessive temperature of resistances. 
On resistances of nickel -iron alloy tlie rise in tcmiperature of 
the outlet air at a distance of about 5 cm. may reach ISO"" V. 
without there being any cause for worry. This corresponds 
to a temperature of the metal itself of about 300^ C. Obviously 
this tem})eratin‘e depends on the ambient temperature and 
the facilities for escape for the heated air. Dust and dirt 
are also a source of trouble in this kind of apparatus. In 
exceptional cases w^hen continual repair is necessary, it 
often pays to reconstruct the a})paratus or to replace it 
by an oil-immersed resistance. When using oil-immersed 
types, the troubles associated with the lubrication of 
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mechanical parts and contacts do not arise and the insulation 
is improved. 

The starting resistances of motors frequently burn out as a 
result of being left in the starting position, or between two 
positions. When starting up a.c. motors vibrations often occur 
caused by a bad contact in the resistance of the rotor starter, 
so that the resistance values in the three phases are very 
unbalanced. 

3. Liquid Starters. Liquid starters use tap water or distilled 
water as resistance material and galvanized iron or bronze for 
their electrodes. They are only suitable for use Avith alter- 
nating current, since various electrolytic ]>roccsses and the 
danger of the production of mixtures of oxygen and hydiogen 
gas jArevent their use with d.c. apf)aratus. 

These starters are mostly used in conjunction with large a.c. 
motors. When used solely for starting the motors, they are 
usually short-circuited in the final position by a built-in 
switch. Water resistances are si>ecially suitable for motors 
in which a certain energy has eonstantly to be absorbed 
in the rotor starter and the resistance must be adjustable, 
for example, in the slip regulation of motors for driving con- 
veyors, rolling mills, and llie like. The starter in these drives 
not only serves to set the motor in motion and to control it, 
but in addition, in conjunction with a flyAvheel, ])re vents the 
occurrence of excessive peak loads on the a.c. supply. These 
starters are generally provided with a (‘ooling device for the 
electrolyte which is either built directly into the tank or else 
mounted outside. 

The resistance values of a liquid starter in each position can 
be deduced from its main dimensions, de])th of immersion, 
surface and distance apart of the electrodes, and the elec- 
trolyte resistance. The adjustment of the resistance for the 
motor is, according to the design of the starter, carried out by 
regulation of the water level, and by varying the electrolyte 
resistance by the addition of soda. 

A curve illustrating the alteration of the water resistance 
with increasing proportions of soda is given in Fig. 150. To 
reduce the resistance, a smaller soda content than is normally 
employed should be adopted; and excess in this direction 
frequently causes trouble. An addition of soda amounting to 
about 0-1 per cent of the weight of water reduces the starting 
resistance of the water by about 50 per cent. 
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In rotor starters with variable water level the effective 
electrode surface is regulated by altering tlie depth of immer- 
sion. If this is too small, there is the danger of flashing over, 
generally on switching in with a high rotoi' voltage. When 
the plates are insufficiently immersed, particularly with high 
voltages, sparking occurs on the electrodes accorapanic'd bj' 
considerable rattling on account of tlic too great conceutiation 



Fuj. 150. Variation in IlJumsTANcn or a I.iqi to Stmittii with 
D lFhKKHNr AmoI NTS Ol SoDA IN IKH KlI ( '1 KOlA IH 
(Soda (Ofitont in pcif ciitaso woiKlitu ) 

of current. The clec'trodes inay become so overheated as to be 
partially melted. 

The resistance ratio 

Highest resistance at the start 
Lowest resistance at tlie end 

of the water resistance used as a rotor starter should be at the 
outset as large as jiossible, since otherwise the addition of soda 
cannot effect any reduction. To be succ*essful tlie resistance 
should then be so fixed that in the starting position the current 
on switching in is not too great. On the other hand in the 
final position, at the lowest resistance value, the motor speed 
should be sufficiently high to prevent too high a current surge 
when the resistance is short-circuited, llie starting value 
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fixes the switching in surge, and the final value determines the 
slip of the motor before the short-circuiting of the starter, and 
the resultant surge. 

When adding soda, it is customary to use chemically pure 
soda, dissolved in a small quantity of hot water, and to 
mix the concentrated solution thoroughly with the electrolyte 



Fig. 161 . Resistance of a Liquid Starter Relative to the Depth 
OF Immersion with Different Amounts of Soda in the 
Electrolyte 

(1) Pure tap water. 

(2) „ „ „ 4- 0*2 per renl soda ) 

(3) „ „ ,, I 0-4 per cent soda >-20° ('. 

(4) „ „ „ }- 1-0 per cent soda ) 

(5) „ „ „ 1- 1-0 per cent soda, 00° V. 

before switching in again. It must be kept in mind that the 
conductivity of the electrolyte is improved due to the tem- 
perature rise, which will be about 2| per cent per ° C., with 
average soda content. The variation of the resistance with 
depth of immersion is dependent on the shape of the electrodes. 
Good ratios are given by designs having separate resistances 
for each phase, which can be achieved by using porcelain tubes, 
for example. Fig. 151 shows the resistance curves of such 
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a starter with different amounts of soda and at various 
temperatures. 

Damage to the inner surface of the water tank is generally 
traceable to corrosion. In such cases the container sliould be 
cleaned by scraping off the deposits and painting tlie surface 
with red lead and asphalt. 

A particularly destructive factor is dilorine (‘ontaiiied eithei* 
in the water or the soda, which affects the electrodes and 
sometimes the tank. If there has been a considerable loss of 
the surface of the electrode material due to corrosion, or if there 
are marked deposits of chalky matter, the final resistance of 



{«) (ft) 

Fia. 152 . Liquid Staktkii with Watkti Cooltno 
(a) Proper coiinoftion of the cooling jiiping. (b) Wrong eonnectioii of the piping. 

E -- Inlet for cooling \\ at er. J Outlet ft)i cooling water. L - Air pocket. 

the starter may be too large and the current surge on short- 
circuiting the starter may be very excessive. 

The coolers of liquid resistances may, for the following 
reasons, become corroded away. A horizontal cooler in whicli 
the inlet and outlet pijies are connected on the underside of 
the upper part of the cooler tends to fill with air which is 
driven out of the heated cooling water. If, on the other hand, 
the cooling water inlet is below and the outlet above, the 
cooler works properly. Figs. 152 (a) and (6) make this point 
clear. 

If the tubes of the cooler are covered with a chalky deposit, 
the water conducts away insufficient heat (see Chapter 
XXXVII, para. 6). A periodic cleaning by a 3 per cent solution 
of hydrochloric acid is to be recommended, and provision 
should be made for the escape of the gas evolved. The cooling 
tubes should afterwards be thoroughly washed with clean water. 
Water containing salt, acid, large quantities of lime or organic 
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impurities is not suitable for use in coolers. Liquid starters 
will withstand overloads of very brief duration with very little 
damage. If the load capacity is exceeded, however, it is soon 
evident, as the water boils over. If, therefore, suitable outlet 
openings are provided on the to[) of the tank, it minimizes 
the risk of explosion. After overloading of this typo, the water 
level should be checked and the loss made good to render the 
starter fit for further service. 



CHAPTER XXIX 

CONTACTOR GEAR 

General Troubles. In addition to the general contact defects 
already mentioned in Chapter XXV, the following typical 
faults occur on such parts of contactor geai* as contactor relays, 
overload trips, and so on : uncertain switching-in and -out, 
“locking in” and humming of the magnetic system. 

( a ) Jkkegular Operation of Contactor Magnets. Un- 
certain switching-in may occur due to defective mechanical 
terminals as a result of oxidization or accumulation of dirt, 
or from general deterioration. With direct current relays 
which have to operate comparatively frequently, an economy 
ref^intance circuit is often employed. With this, the magnet coil 
has a higher voltage for closing than it afterw^ards has loi 
holding in the contactor. A resistance is connected in series 
with the magnet coil, which when not under voltage and during 
the closing is short-circuited by a contact on the relay itself. 
Only at the conclusion of the movement does this contact 
switch-in the series resistance. If this takes place too soon, the 
magnetic jiull of the coil is too weak to overcome the mechan- 
ical resistance occurring in the last phase of the closing move- 
ment on the (‘ontactor system. The magnet armature then 
falls back, and afterwards is again attracted, the process con- 
tinuing, when it is said that the contactor “flutters."’ 

Relays and overload trips have often to operate with cer- 
tainty and close with an operating circuit contact of quite 
short duration, and then be held by a retaining coil as shown 
in Fig. 153. This may arise, for example, with automatic 
paralleling devices. With unsuitable designs failures often 
occur on swdtching-in, when the mass of the relay to be accel- 
erated is too large and on that account requires the auxiliary 
contact to be closed for a longer interval of time than is avail- 
able. In addition, the retaining winding may be too weak, 
particularly if the current rise in the circuit, as a result of 
excessive inductance, is slow. The polarity of the series coil 
may, moreover, be reversed. The tw^o coils are then opposing 
one another in their magnetic effect instead of aiding one 
another. 
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When connecting a direct current magnet coil on different 
supply voltages as in Fig. 154, a strange and unaccountable 
phenomenon may be observed, in that the magnet works 
properly at tlie higher voltage but not at the lower voltage; 
although, by means of suitable series resistances, it is provided 
that when connected on the higher voltage as at (a) the magnet 
coil, when in continuous operation, has exactly the same 
terminal voltage as with direct connection to the low voltage 
(see (6) ). The theoretical explanation of this phenomenon is 



Pig. 153 . Diagram of Con- 
nections OF A Switch Closing 
Relay with Series Retain in 
Coil 



Fig. 154 . Connection 
OF A D.C. Magnet 
Coil 


(a) Oporatinc: contact. 

(b) Switch closing relay. 

(c) llelay voltage coil. 

(d) llelay series (‘oil. 

(e) Main switch solenoid. 


(а) On higli voltage with 

rcswtance. 

(б) Directly on to low vol- 

tage with resulting 
pour magnet ic pull. 


simple. In a d.c. circuit with ohmic resistances and inductance, 
the rise in current is as shown in Fig. 155. It can be seen from 
this that the current rise to begin with is hardly influenced 
at all by the ohmic resistance of the circuit. It is fixed solely 
by the ratio terminal voltage/inductance. With the above 
connections, the value of the inductance is the same in each 
case, although the supply voltage in one case is higher, for 
example, 220 volts, and the coil attracts immediately. At 110 
volts terminal voltage and with the current increase slowed 
down to a half, the magnet may not, however, pick up suffi- 
ciently quickly. The operation of a direct current magnet may 
be dependent on the time taken for the increase in coil current 
after switching in. Variations of these ratios may lead to this 
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type of failure, for example, in magnets which were originally 
provided by the manufacturer with series resistances, but 
subsequently are operated direetlj^ on low voltage. The 
conditions described are freely used in control practice when 
switching in a d.e. circuit, as described in Chapter XXXIIl, 
para. 1, for example, for the voltage regulation of generators 
to hasten the building up of the magneto - held. 

Irregular opening of contactors occurs, principally on direct 
current, from the effects of residual magnetism. As a protection 



Fiu. 155. Sv\ m niN(,-iN CjiAiiACTimiSTU s of a D.C. CriicciT with 
Ki:sist\\( li and Inductance L 

TieUtion l)otv\epii late of (iineiit iiureasp and tlio ‘'iijjply \oltago and 
iiidm tame. 

against this, an aii‘ gap is always provided in the magnetic 
circuit which may be in tlie form of a brass insert. Relays and 
overload trips wliicli in service have to o]>erate in an inclined 
position must be specially constructed for the purpose. The 
“sticking'’ of a relay may be caused by too much or unsuitably 
applied lubricant on the bearing parts of the magnet. 

Unreliable switching-out of direct current apparatus is also 
particularly likely to arise with the connection shown in Fig. 
156 (ff), which is frequently used. In this case, the magnet coil 
has a permanent series resistance and the magnet armature 
is simply opened by the short-circuiting of the coil. In such 
a switching process, the current in the magnet coil does not 
fall immediately, but decreases as in the curve in Fig. 156 (b) 
asymptotically to zero. This dying away of the current makes 
the opening of the magnet less certain. A sudden interruption 
of the current is better since it immediately removes the 
magnetic pull. 
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In the case of a.c. no-volt coils with slow voltage drop, the 
release may fail, since the armature does not fall off quickly 
and completely, but oscillates in a half-open position. 

Chapter XXVI, para. 1 (c), has already referred to the high 
over voltages arising on switching-out d.c. magnet coils. The 
coils of relays or protective devices will usually withstand these 
over-voltages. On the other hand, the trouble may occur in 



Time constant 


Z-LlR 

Fiu. 156. J).(\ Switch Solknoid or Contaotor 
(a) Diagrairi of connections. 

lb) Current flow in the sjior^^-drcuited loop, e ... d, when switching out. 

a = Closing contact. c — Switch solenoid coil or contactor. 

b = Bufler resistance. d — Switching-out contact. 

the remaining parts of the plant, which are electrically con- 
nected with the circuit of the magnet coils, obviously at those 
places where the insulation is weakest. 

(6) Humming of Magnets. Humming is caused in magnets 
by the pulsating magnetic field. Short-circuited turns are 
placed on the opposing surfaces of the magnet to prevent the 
disappearance of the magnetic pull when the current is zero. 
They serve the purpose of inducing a magnetic field, displaced 
as regards time, in that part of the pole shoe which is enclosed 
by this winding. Defects on these short-circuited turns, for 
example, faulty soldered places, bad riveting, or wrongly 
dimensioned air-gaps may cause marked humming. In a.c. 
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magnets, a very important factor in reducing humming is the 
good fit of the opposed surfaces. 

(c) Spabkino on Contacts. Chapter XXV, j)ara.s. 2 and 3, 
give general information on contact troubles. A fault par- 
ticularly characteristic of contacts must, however, be men- 
tioned here ; that is, sparking on switcliing-in. This ])henome- 
non is generally traceable to faulty (h , ign, as a result of which 
the size of the masses to be accelerated, their switching-in 
speed, and the contact piessure are not pro{)erly adjusted to 
one another. By choosing a spring with the proper character- 
istic the fault can usually l)e cured. Mention has also been made 
(Chapter XXVI. para 1 («) ) of the appearance of sparks due 
to flash-overs on swilching-in, when, particularly with high 
voltages, the arc flashes across the s])ace between the contacts 
before they are closed. 



CHAPTER XXX 

PROTECTIVE RELAYS 

For protecting generators, transformers, and transmission 
lines the following protective relays are generally employed 
nowadays — 

Overload relays with inverse time lag. 

Overload relays with constant time lag. 

Reverse power relays. 

Differential current relays. 

Distance or impedance relays. 

Reverse power or differential current relays are used for 
the internal protection of generators and transformers, while 
the other types mentioned are used for isolating a defective 
part of the supply The construction and application of all 
these relays are outside the scope of this book, but in recent 
literature aiithoritative publications on the subject can be 
found. 

The construction and principle of application of many 
relays for the protection both of generators and transformers 
and of the supply is still a subject of discussion and con- 
troversy. Without attem|)ting any general explanation, the 
information given liere serves the purpose of making clear to 
the practical engineer the principles of the protective relays 
mentioned and of acquainting him with the troubles to which 
they are liable. 

1. Overload Relays with Inverse Time Lag. Typical charac- 
teristic curves for these relays are shown in Fig. 157. The 
current/time curves show that the time of release rapidly 
becomes shorter after a certain current is exceeded. If the 
releasing current is 5 or more times the normal current, the 
time lag finally remains almost constant. This type of relay 
formerh afforded a sufficiently selective protection in many 
cases, but it cannot, of course, be compared with the modern 
selective relay. Since, however, installations were at one time 
operated electrically independently of one another, relays 
with a release dependent on the current gave the best selec- 
tivity, particularly in branched systems supplied from one 

976 
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source. In such distribution systems, the relays on the switches 
nearest to the power station were fixed for a high tripping 
current. The relays on the further switches of the supply then 
had smaller and smaller tripping currents according to their 
distance from the station. To attain effective protection in 
this way, a precise knowledge of tlie short-circuit currents 
which may occur at the different places in the supply is 
necessary. 

In spite of very simple conditions on the transmission system 



Fi«. 157 0\ERi.oAr) TiL.LA\ wim Timl Lag 

KeleassP times rol itive to releasing ( urreiit Mith (lilfercnt jHisitionis of tlie 
magm t tore 

this type of protection often could not be employed to give 
exact selectivity, due to the fact that the tripping current 
value was not fixed according to the principle mentioned above 
but with regard only to the probable overloads 

A disadvantage of these relays, which are generally con- 
structed with eddy current discs, is the so-called over-runmng 
with unsuitable constructions. By this is meant the continued 
running of the rotating disc even after the short circuit has 
been cut out. With properly designed relays this trouble 
can be completely prevented, by magnetic dampers opera- 
ting on the rotating disc. Relays with releasing devices 
which release instantaneously when a short circuit or heavy 
excess current occurs are quite unsuitable. This property is a 
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characteristic of most relays with thermally operated time lags 
or with damping by fluids. Such relays can only be of use to 
single consumers for simple overload protection. 

Relays with inverse time lag are generally only constructed 
as secondary relays and are therefore not supplied directly 
but through a current transformer. For this reason they can 
be built comparatively easily to be proof against very high 
primary short-circuit currents. The mechanical effect of these 
current impulses is easily withstood when the eddy current 
rotating disc is equipped with a slipping drive. 

Unlike the usual types of electromagnetic relays consisting 
of a magnetic circuit in whi(*h the iron armature is built as a 
movable member, relays with eddy current discs liave the 
great advantage that they neither hum nor vibrate. The 
running times of these relays, as of all other relays employing 
the eddy current principle, are dependent on the frecpiency. 
Since their torque varies approximately as the square of the 
frequency, they may not trip with a comparatively small drop 
in frequency unless the current is higher. 

2 . Overload Relays with Constant Time-lag. As suggested 
by their name, these relays have a time of release which is 
adjustable and independent of the current. The tripping 
current is generally adjustable at will within a range with a 

ratio of the limiting value of . Different manufacturers 

1*0 

make this relay in two different types for primary and second- 
ary circuits. 

In a primary relay the current coil is connected directly in 
the conductors carrying the main current. Tlie beginning of 
the current coil is arranged, therefore, in metallic connection 
with the relay mechanism, w^hile the end of the coil is insulated 
from the body of the relay, although only for the highest voltage 
occurring between the coil ends. The whole primary relay is 
so made that it can be fixed directly on to the oil-immersed 
switch terminals and therefore remains permanently under 
voltage. On this account adjustments cannot generally be 
made to it during service, or at least only by means of a bar 
specially insulated for the purpose. The oj>ening of the switch 
by a primary relay is usually by direct mechanical tripping 
of the mechanism of the oil switch. Since this type of relay 
does not require a current transformer, it is very widely used 
to-day. 
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The second type of relay with constant time lag is not 
different in princii)le from the first, but its operating c^oil is 
connected on to the secondary winding of a current trans- 
former. Since this is insulated Irom the supply voltage and 
earthed, the secondary relay represents a low voltage apparatus 
which, together with other equipment such as meters and 
regulators, can be fixed on the low voltage switchboard. 

Both groups of relays generally have an adjustable device 
by means of which an instantaneous trip])ing at a multiple 
of the rated current can be obtained, wdiile with smaller excess 
currents tlie fixed time of releasing is retained. 

These relays with constant time lag are subject to the 
following general troubles — 

1. On the occurrence of short circuits, they may not with- 
stand the olectrodynaniic forces whicli arise. Primaiy relays 
are specially likely to be damaged in this way, since there is 
no limiting of the sliort -circuit current by a current trans- 
former, as is the case with a secondary relay. The protective 
resistances which are intended to prevent the building up of 
transient waves with large short circuits, and are connected 
in parallel with the current coil, may not be in order due to 
having wrong resistan(‘e values or being insufficiently securely 
fixed, and consequently solder may be thrown off* and cause 
fiash-overs. 

2. The relays may Tiot be proof against short circuits, that 
is, the adjusted time lag is not maintained when heavy short 
cir(*uits o(‘cur, and the relay trips. The cause of this trouble 
is to be found in the time delay mechanism of the relay. 

3. The relay may continue to operate after the short circuit 
has already been cut out. The trouble is usually that the relay 
is structurally incomplete, in that the current has to return to 
a much lower value than the tripj)ing value, befoi’c the arma- 
ture of the relay can drop. 

4. The relay, especially if a primary relay, may have in- 
sufficient releasing force, the work of freeing the oil switch 
latch meclianism being greater than that ]H*ovided by the 
relay. Tor lieavy -current oil-immersed switchgear, in order to 
prevent any un(‘ertainty, it is customary to provide an indirect 
release. 

Failures of the release on supply systems with relays having 
constant time lags may also occur under such circumstances 
as are shown in Fig. 158. When a short circuit occurs at 6, the 
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voltage at the point a is greatly reduced, and on this account 
the synchronizing force which holds the two power stations in 
step is appreciably reduced. They may no longer run in 
synchronism but '‘hunt,” so that the voltage at the point a 
constantly fluctuates between a certain maximum value and 
zero. The short-circuit current flowing towards b also varies 



FtG. 158. AKHAN(iKMENT OF A SU1»P1.Y WITH POSSIBLE LtNE RkLAY 

Faieitues 

( a ) Cosil iou of junct km ; « 1(^2 coiiphufi switches. 

( b ) Position of short circuit. (c) Line relay. 

in phase with this voltage variation. It may then easily happen 
that the relay for this part of the circuit falls back after each 
current surge, particularly if it has a high dropping out current, 
which from the poiiil of view of other processes is desirable. 
In this case the faulty part of the system is not switched out at 
all, but any switch on tlie mains from the power station may 
be wrongly tripped instead. 

The application of this tyjie of relay for selective protection 
is necessarily limited, being practi(;able in systems supplied 



Fig. 159. Diagram of (\)nnec’ti()t*js of a Scpply Distrirction 
kSvstem. Ntefpivcj of thf. Release Times of the Constant 
Time La(j Overload Relays 

(k)nHtant rclen.sc tiiiu's in seconds. 

from one source only, and even then only if the number of 
supply sections in series Is not too great. The setting is then 
stopped as in Fig. 159, so that the switches near the station 
are given the longest time of release and those farther away 
have graduaUy decreasing intervals before they are released. 
It can easily be seen that this protection is only reliable in 
service if the stepping between adjacent relays is fixed so that 
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there is the smallest possible difference between the times at 
which they are released. In modern relays and oil -immersed 
switches, it is hardly possible to make the step})ing intervals 
less than 0*5 see. For this reason tliis protective system leads 
to long release times and consequent interruj)tions in operation 
when short circuits occur near the power station. A certain 
improvement of the selectivity can be achieved with this relay 
permanently in connection with other auxiliary apparatus, as 
shown in the following section. 

3. Reverse Power Relays. Up to the present day these relays 
have been generally employed for selective protection against 
the internal breakdowns of generators. They operate according 
to tlie direction of the energy flow and are so connected that 
when it is reversed, that is, when the generator takes energy 
from the supply, they trij) the generator switch. On that 
account, protection is not obtained in the case of single gen- 
erators, but operates selectively \^hen generators are working 
in parallel. 

These relays are built and used in a great variety of connec- 
tions, single and polyphase. Many of tliese connections and 
constructions have the disadvantage that they do not operate 
solely on the energy flowing, but are also dependent on the 
power factor, so that they may be released unnecessarily with 
any large inductive generator load. The latter fault may arise 
when switching in long overhead lines or cables. 

The main requirement of a reverse -power j*elay is that it 
should operate satisfactorily with a pure v attful (*haracteristic ; 
that is to say, it must be completely inde])endent of the power 
factor. 

In order to ensure reliable operation of the prote(*tive 
devices for any possible internal generator defect, at least two 
relay systems must be provided for each generator. In Fig. 160 
this type of prote(‘tion is afforded by a lwo-])olc reverse power 
relay. In each system a torque occurs due to the effect of the 
current of one phase on the ap]>ropriate voltage, which is 
phase displaced by 90''. By suitable auxiliary devices, this 
arrangement can be made to respond entirely to the wattful 
component of the current. 

Certain operation under all circumstances for every possible 
internal winding defect cannot be provided by reverse power 
relays alone. The load which flows back to the defective 
generator depends entirely on the position of the fault. If 
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it is at the beginning of the winding near the terminals, the 
load flowing back to it is much greater than when the defect 
is in the interior, that is, near the star-y)oint. In the latter case, 
the flow of energy may or may not be reversed. 

The operation of the reverse f)ower relay is also very uncer- 
tain when defects occ^r in the field-winding. Then, even 
with the excitation completely removed, the generator may 
feed at least to a (certain extent into the supply as an asyn- 



Fic4. 160 . Dia(3TIAM oj' (V)njnk('ti()nk yoH A Tvno-Pole Hkverhe 
Power JIelay 

o = Cur ‘lit transforn.(T. c- liuHor resistances. 

0 — VoltaKc tiaiisforiner. d ~~ Kdays. 


ebronous pnerator. The flow of energy is tlicn not reversed 
and nothing eauses the relay to o})erate. The protection 
afforded by this type of relay may be valuable in another 
direcition since it ])i’otec'ts the group of jnachines against the 
occurrence of dangerous torque iinimlses. These may be due 
to switching processes, for example, faulty paralleling. Such 
occurrences are ]jarticularly dangerous mechanically, since 
they occur as shocks and often start "hunting” between the 
genej ator and the supply. The result of this may be to damage 
the couplings. In the effort to attain reliable operation in this 
respect, the relay may easily be made too sensitive so that 
it operates unnecessarily even if quite trifling load surges 
occur when paralleling. Many types of reverse-power relay 
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have also the disadvantage that with low voltages which may 
exist immediately on the occurrence of trouble, they no longer 
operate with any certainty. 

Before the use of efficient distance relays, selective protection 
of the supply was sometimes attcni])ted l)y means of reverse- 
power relays. This was generally in conjunction with overload 
relays having inverse time lags when the reverse-power relay 
had to act as a barrier relay. A sinijde example of tlie axjplica- 
tion of this kind of protection is shown in Fig. 161. A power 
station suj)plies a 
divided supply system 
over a double set of 
condu(*tors. If in one 
of the supply lines a 
short circuit occuirs, the 
short-circuit current not 



only flow^s directly out kk,. loi j)iAU]tAM oh (’onnfitioss or 

from the power station a Sei.eciive PROTEcnvE S\sTF\r 

but also round the ])ath 2 
formed by tlic sound 

supply line and the bus-bars back to tlie ])lace of short circuit. 
To ensure that only the defective supjjly line is switched out, 
the reverse power relay ought to hold in the sound supply line 
and only trip the switch belonging to the faulty supply line. 
The energy in the sound sui)ply line will flow through to the 
bus-bar and back in the faulty line av^ay from the bus-bar. 
The inadequacy ot the protective system is immediately 
apparent. The faulty sujiply line is disconnected at once on 
the load side : at the power station side, on the other hand, 
only after an interval corresponding to the time interval of 
the relay fixed at this })oint. 

4. Differential Current Relays. These relays are to-day 
generally used for the protection of generators, but until 
recently they were used solely for the protection of transformers. 

The princi})le of operation is dependent on the balancing 
of currents and on this account is practically independent of 
the value, and also of the working voltage. These relays operate 
entirely selectively. 

Faulty tripping of differential relays occurs chiefly in the 
case of transformers, where primary and secondary current are 
directly balanced against one another (see Chapter XIX). 
On this account, when installing the relay, attention should 
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be paid to the effects due to magnetizing current. To ensure 
efficient operation of the relay it is necessary to take into 
account the wattless current surge on switching in, and the 
increase in the magnetizing current should the working voltage 
increase some 10 per cent or 15 per cent. For these two reasons 
the sensitivity of the relav must be limited. 

The internal connection of the transformer must also be 
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Fio. 162a- Diagram of (Jonnkc’tions of a Djffehkntial Relay on 
TO a A/a Transformer with A/A Connection of the Current 
Transformers to Prevent OrjjRATioN on a Breakdown 
lo Karth 

a — Three-phase transformer. A Oil switch with release ( oil. 

h = Differential current relay. e Auxiliary current source 

c »= Current transformer. / -= Circuit of the current transformers. 

taken into account when installing a differential relay, since 
only with similar primary and secondary connections, that is, 
either star/star or delta/dclta connections, are the currents in 
phase and suitable for direct application to the relay. With 
other types of connection use must be made of instrument 
transformers. With transformers connected dissimilarly (delta/ 
star or star/delta) the current transformers must be suitably 
connected and in the reverse manner, that is, either star/delta 
or delta/star respectively. The diagram of connections in Fig. 
162a shows the correct connection of the current transformers 
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according to the main transformer connection. If this rule for 
the connection is not adhered to and the current transformers, 
for example, are connected in star/delta when the main trans- 
former is also star/delta connected, the differential current 
relay may operate wrongly as in the following case. The 
transformer is supplied on the star side (with earthed neutral 
point) and is open-circuited on the delta side. In one phase of 
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Fiu. l(i2B. Current Paths iv the Transformed Windings and 
Relay Circuits, when the Current Transformer Connection 
IS NOT Suitable and a Breakdown to Earth Oi^cuks 

a TIiroo-i>hasp transforuu'r. d Oil bwitch. 

b Ditfm'iitial current rela> . e - Auxiliary circuit. 

r Cnrient transtoriner. f - Circuit of the <*nrrent transformers. 

the supply, outside the transformer, there is an earth and the 
earth current flows from this place to the star point of the 
transformer. With the current distribution now existing in the 
transformer, the current transformer circuits supply the relay 
only from the star side, while from the delta side the relay is 
without current. The reason for the faulty operation of the 
relay is, therefore, that the transformer is switched out without 
itself being the cause of the fault. Fig. 162b shows the current 


286 


FAULTS AND FAILXJEES IN ELECTRICAL PLANT 


paths in the transformer windings and in the relay circuits with 
this type of trouble. 

Wrong tripping of the relay often occurs if the character- 
istics of the current transformers on either side of the relay 
are very different. These deviations are often unavoidable, if 
multi-turn current transformers witli several primaiy coils are 
used on one side of the relay, and on the other side bus-bar 
current transformers with only one primary turn. An external 



Fici. 163 . Diauram or Oonnkotions of a Mkrz-Piik^k Protectivk 
CONNKOTIOV 

(/ (lononitor windiiijjrs. h- DiflVn'iitial nirront relay. 

a Vr()t<‘etive (Ml* rent traiistoinier. r Main .switch release'. 

short circuit can then quite easily trip tJie relay unnecessarily. 
This disadvantage c*an be cured in practice by the addition of 
a finely stepped intertransformer, or of adjustable impedances 
in the circuit of one current transformer. It is obvious that this 
protective system will not prevent internal trouble in a trans- 
former but will only limit the effects of it. 

Differential current relays cannot in all cases be relied upon 
for the protection of generators. With the usual connection 
of the Merz -Pri(‘e tyjie (Fig. 163), the relay does not operate 
at all on the occurrence of short circuits or breaks in conductors. 
On the other hand, the relay operates when the stator winding 
breaks down to the core, if it is properly adjusted for the 
conditions, this being chiefly dependent on the earthing 
of the neutral point. If the supply system fed directly from 
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the generator is large, and there is a breakdown to earth 
in the generator windings, without the neutral point being 
earthed, the differential relay is still effective since the capacit- 
ance current to earth is usually sufficiently large. If this is not 
likely to be the case, the neutral point should be earthed, 
usually through a resistance. The size of the earthing resistance 
in this case obviously has a great influence on the sensitivity 
of the differential relay. If it is comparatively large and there 



Fi(i. 1G4. Dtffkrential Kel.ay on (Jknerator with Parallel. 

Win DiNds 

(> <r('nerator. }r Serif's transtoi mors A Protective rola>. 

is a breakdown to earth, the fault current is limited to a smaller 
value, so that less damage is likely to occur. The protection, 
however, is less sensitive so that the relay will fail to operate 
when there is a breakdown to earth at a part of the winding 
adjacent to the neutral point. 

Although the differential relay in this arrangement does not 
operate directly as a result of winding short circuits, it wiU 
nevertheless, in most cases, lead to their detection, since a 
winding short circuit as a rule means also a breakdown to earth. 
In bar windings with only one bar per slot, the occurrence of a 
pure winding sliort circuit is hardly possible, and can in any case 
only occur in the parts of the winding which lie outside the slots. 

Numerous different types of protective devices operating 
on the occurrence of winding short circuits are available. Com- 
paratively simple methods are quite sufficient for the protection 
of a generator having two parallel circuits. For the protection 
of such a winding six current transformers are necessary, 
supplying a 3-pole differential current relay as in Fig. 164. 

20 — (T.23) 
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Each pole is supplied from the two current transformers of 
the parallel-connected stator winding. If this connection,* 
however, has added to it a further 3-pole differential current 
relay and the associated current transformers, the arrangement 
is an effective protection for all internal defects of a generator 
whether short circuits in the winding or breakdowns to earth. 

In Fig. 165 is shown a protective arrangement against 
winding short circuits in generators with normal windings not 



Fig. 165 . Diagram of Connections. Generator Winding Protection 
WITH Differential Voltage Relay Using Mid-point Winding 
1'appings 

a Connoctionwithiiipohanicalbalan- d -= Ociieratoi. 

ring relay for i<liaso dilfereiiee ^ t ~ Cotontial transformer, 

between the ioltages being ^ Jleleasing relay, 

compared. _ ijalancing relay. 

having parallel circuits. In each winding phase, the middle 
point is tapped, and the two partial voltages are compared by 
means of a potential transformer. On the occurrence of winding 
short circuits or broken conductors — excepting breakdowns to 
earth — the two partial voltages are no longer equal in value and 
the differential relay operates. The arrangement is simple and 
completely selective. 

It must be noted, however, that with these two latter 
connections for protection against winding short circuits, the 
two currents to be compared, and also the voltages, must be 
exactly in phase, otherwise the relay operates unnecessarily. 
If with the last scheme of protection, the two voltages are 
phase displaced, a balancing relay for each phase must be used, 
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with two magnetic systems which are entirely separate both 
mechanically and electrically as shown at a (Fig. 165). 

5. Distance or Impedance Belays. The principal disadvan- 
tages of the relays in general use to-day for the protection of 
supply systems, described in the above sections, lead to the 
conclusion that an absolutely certain protection is impossible 
with such devices. The solution of the problem of supply 
system protection has advanced an important step forward in 
recent years as a result of the development of distance or 
impedance relays. An important problem is to satisfy the 
requirement that the relay time shall be as far as possible 
independent of the value of the short-circuit current and, in 
addition, that the relay shall operate reliably according to the 
direction of flow of the energy. The character of a short circuit 
occurring at any j>oint in a supply system depends on the 
instantaneous effective generator outputs, and on the imped- 
ances of the generators and transformers. When the number 
of machines on load is greatly reduced, for example, during 
Sunday or in the night, a short circuit in the supply will not 
reach the usual current value for the system, necessary to 
operate the relay which was designed for it. The conditions 
are particularly bad in high-tension supplies which are only 
lightly loaded, as under these conditions the generators are 
weakly excited, so that the short-circuit current may only 
amount to between 10 per cent and 20 per cent of the rated 
current. It follows that the current values may not always 
give a (*lear indication of trouble which has occurred in the 
supply. A particular disadvantage of some systems is the 
extended time of release. The maximum time for tripping, 
having regard to the damage which mav ^ d done by the short- 
circuit arc, and in order to mam+‘ ‘ -»ACCachronous operation 
of machines should never exy ph should A further difficulty 
is the diversity of the faults t il the arr which may be single 
pole or multi-pole short circuits t ^ ^<'between phases or to 
earth. Alternatively there may be the joint effect of several 
faults due to the simultaneous occurrence of short circuits 
at different places in the supply. The development of distance 
relays was based on the conditions existing when a short 
circuit occurs. Not only the current but the impedance of 
the short-circuit loop — that is, the relation between the sup- 
ply voltage and the short-circuit current — ogives a correct in- 
dication of the distance of the short circuit. The use of the 
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impedance for fixing the distance of the faulty place is, however, 
not very certain since, according as the short circuit arises 
from direct metallic contact or from an arc, the voltage at the 
place of short circuit varies considerably. This condition is a 
further difticulty in the way of exact determination of the site 
of the fault and the consequent fixing of the switch tripping 
time. In a modern difetance relay an ingenious connection is 
incorporated consisting of coils responding to the impedance, 
generally used as a tripping device in conjunction with addi- 
tional coils operating on ohmic resistance. Tlie impedance coils 
make possible the tripping of short-circuit currents far below 
the normal current, while the cable reactance operating through 
the ohmic coils fixes the relay time, whic h will be proportional 
to the distance of the faulty place. 

6. Over-voltage Protection. Exj)erience has shown that 
properly arranged and designed horn gaps with choke coils 
and resistances can protect electrical plant from many over- 
voltages. They arc chiefly a protection against the over- 
voltages arising as the result of breakdowns to earth, which 
are the most common troubles met witli in service. In addition, 
the horn gap is efiec'tive against high frequency transients and 
surges, when their voltages reach the flash-over voltage of the 
horns. 

The protective resistances may be constructed as either 
water or metallic resistances. The correct proportioning of the 
resistance is most important if it is to be an effective protection. 
As a rule, the smaller the resistance is, the greater is the pro- 
tection afforded by the apparatus up to a fixed limit. The 
smallest permissible resistance is dependent on the arc current, 
which should not exceed a certain value if it is to be extin- 
guished with certaitthe J^otween the horns. The arc existing 
on the horn after an cansformer.^ is maintained by the working 
voltage until it is final conduafeuished by electrodynamic and 
thermal effects in thevolt; path. The length of the horns and 
the space for the spreading of the arc fixes the current strength 
which must be limited by the resistaiuje. The performance of 
the blowout requires that the minimum current value be 
maintained just as the maximum value should not be exceeded. 

It can be deduced from this consideration that water resist- 
ances are not particularly suitable for horn gaps, since their 
resistance is very dependent on the temperature. The minimum 
resistance must not be allowed to drop even with the highest 
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temperature arising in service. It should also be noted that the 
contents of a water resistance may decrease with time, and a 
decrease in water content of more than about 30 per cent is not 
permissible. If the water level is too low, the electrode is no 
longer sufficiently immersed. 

For water resistances distilled water is most suitable, especi- 
ally for voltages over 12 kV., since well water lias too low a 
specific resistance. When putting in resistance values the 
figures on the rating plate should be che(?ked and the actual 
temperature allowed for by a conversion factor. If the observed 
value of the resistance is too great, it can be reduced by the 
addition of soda, while when it is too small distilled water may 
be substituted lor a portion of the existing water. In ex- 
ceptional cases, the resistance may be raised to the proper 
value by the addition of small quantities of clean gravel. 
For measuring the resistance an a.c. resistance box is most 
suitable, in order to avoid the electrolytic processes which 
would occur in the water if direct current were used. If no 
resistance box is available, a voltmeter with a known high 
characteristic resistance is sufficient. In the first place, 
the available a.c. voltage, F, from about 100-500 volts, is 
measured with the voltmeter. The water resistance is then 
connected in series with the voltmeter and the new voltage 
read. Tlie resistance Rj. is then calculated from the formula 

1 ]. 

Metallic resistances are more suitable for use as protective 
resistances, since they can be made independent of the tem- 
perature. They are generally oil immersed, and the danger of 
fire should be kept in mind . For this reason they are not suitable 
for power stations with no maintenance staff. It is also most 
important that absolutely dry oil should be used. 

Horn gaps may work badly if the arrangement of the horns 
and resistances and of tl "dioke coils is unsuitable. The 
Jiorn should be connected bv^tween tlie supply line to be pro- 
tected and earth. The connection of the su}>ply line through 
the horn to earth should be as far as })ossib]e a straiglit line, 
particularly in cases where protection is required against 
surges or high-frequency transients. If the horn is not properly 
shaped, the arc may be conducted downwards and cracks and 
corrosion appear on its surface due to the steady arc. 

With metallic resistances, a few resistance groups may be 
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short-circuited. Water resistances may have too low a resist- 
ance or too little water which quickly heats up. Too low a 
water level will cause the water to spray out when the horns 
are in operation. If the distance of the horns from the walls 
and covers is too small, the arc may jump direct to earth or to 
other parts of the plant. If the striking distance is wrong, it 
will obviously cause the gaps to operate unnecessarily. In 
indoor situations, the horns should be adjusted to about 
1*4 times, and in the open air l-S times, the highest possible 
working voltage. The flash-over voltage depends on the thick- 
ness and shape of the horns. 

Complete over-voltage protection can never be obtained 
with horn ga})s alone, and in some circumstances they are 
not even a protection against over-voltages arising from break- 
downs to earth. The use of other methods of over-voltage 
protection — ^for example, earthing of the neutral point or 
adding extuiguishing coils — is in most cases effective. Finally, 
it should be noted that horn gaps only provide an outlet 
for an over-voltage which already exists, while the latter forms 
of protection can prevent the occurrence of the over-voltage. 



CHAPTER XXXI 

GENERAL CAUSES OF TROUBLE IN INSTALLATIONS 


1. Wrong Cable Lay-out. Incorrect readings on measuring 
instruments, as well as relays w’hich trip at current values 
differing from those originally intended, are a consequence 
mainly of badly arranged cables, particularly heavy current 
cables. Such conductors, on account of their heavy current, 
have a strong magnetic field which has its greatest density in 
the immediate vicinity of the conductor and has a field like 

Field distnibution 
in the loop 



Fifj. 166 . Heavy Citkkent “Out” and “Ketukn” Cables with theih 

SURKOUNDINU MauNETIU FiELI) 

that shown in Fig. 166. It is apparent from tliis diagram that 
the field H in the plane through the two conductors increases 
in strength and in symmetry inversely as the distance between 
the conductors. If measuring instruments are mounted in the 
space between the conductors — ^for example, on switchboards — 
faulty recording by these is inevitable, particularly with the 
electromagnetic and electrodynamic types, as explained in 
Chapter XXVII, para. 1. 

In addition, relays operating in conjunction with switches 
may be so influenced by heavy current conductors placed too 
near to them that the original tripping current no longer 
applies. 

2. Unequal Current Distribution in Parallel Conductors. If 

a direct current circuit consists of several parallel conductors 
for the purpose of dividing the cross-section, there are frequently 

^93 
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unequal currents in the individual parallel conductors. The 
symmetrical distribution of the current becomes more difficult 
as the number of conductors increases. The ohmic resistance 
of each of these conductors determines its current loading. 
If the cables are comparatively short, as is generally the case, 
the contact resistances at the cable joints are, as a rule, greater 
than the resistances of the individual cables. According to 
the way tliey are mounted and bedded in, these contact resist- 
ances may themselves be very unequal and cause the current 
to be unequally distributed. 

The contact resistances of bus- bars can only be slightly 
improved by tinning. Very slight greasing with vaseline is 
to be recommended as a protection for 
the contacts. Contact pressure has also 
a marked influence on the contact loss. 
The pressure also varies very much 
according to the bolt tension in the 
ordinary bolted contacts which are 
almost invariably used. At a good con- 
tact place, pressures of about 2 lb. 
per A. for single contacts and of 1 lb, 
per A. for double contacts are suitable. 
The jn-essures (in pounds) obtainable 
with steel bolts amount to about 7 000 times the bolt cross- 
section in square inches. 

With alternating current (Joiidu(*tors, the symmetrical dis- 
tribution of current to a number of j)arallel conductors is even 
more difficult to achieve, since here there is the reactance 
in addition to the ohmic resistance to affect the current dis- 



Imox. 


Fia. 167. b'lELD AND 
CuRiiENT Distribution 
WITH Five Pahadled 
A.C. Conductors oe 
THE Same Phase 


tribution. A clear picture of the reactance of parallel a.c. 
conductors is given by the magnitude or number of magnetic 
field lines linking the conductors in question. 

If, for example, the alternating current i)hase shown in 
Fig. 167 consisting of five parallel conductors is examined, it 
can be easily seen that the conductor lying in the centre is 
surrounded by the greatest number of flux lines. Its reactance 
is therefore greatest. Similarly, the current loading in the 
interior of a thick solid conductor is smaller than at the 
surface of the conductor due to the so called skin-effect. 

If each phase of a three-phase heavy current circuit is 
divided into several parallel conductors, the whole circuit 
should be so laid out that a part of each phase lies in an 
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individual cable and the three-phase conductors are grouped 
together as in Fig. 168. The impedance of such a group and 
of the whole supply is appreciably reduced by this, since the 
sum of the currents of a three-phase system is always zero, for 
which reason no magnetic field can 
buUd up round a group so formed. 

If a single-phase supply is in question 
the supply and return leads should 
not be arranged in one plane but in 
two parallel planes as shown in 
Fig. 169. Symmetrical distribution of 
alternating currents in parallel con- 
ductors may be achieved according to 
the means available by altering the 
lengths of bus-bars or cables, or else 
by encasing the cable in iron or similar 
conduit, which serves the purpose of 
altering the reactance of the conductor 
and therefore' tlu' current distribution. 

3. Insulating Materials in Terminal 
Bushings. The exuding of sealing 
material from terminal bushings chiefly occ'urs on su])plies 
with heavy currents. Its immediate cause is usually exces- 
sive heating of the bushing, or alternatively overfilling 
with compound in the first place. The heating may be indi- 



Panallel branches of the 
same supply line 


FiC. 168. (iROVPTNO OF 
TJIR PAKA.1.LK1. C(>MI3 TjCTORS 
OF A F[rA\ Y CURKICNT 
TjIRRR-I’HASK Suppt.y to 
Avoid UNEgrAD Ci rrent 
DrSTRIHUlTON 


© 


)' Q ^ D ^ D 

Arrangement of 
conductors for 
equal current 
distribution 


Magnetic field 

— ■ . ® 

n Arrangement of 
conductors ^ith 
uneaua! current 
0 I 0 < ‘H disrribution 


Fro. J()9. Aiu{\n<jemknt of Parallel Condi otor Bars of a 

SiNOLE-J’HASE Sl PPI.Y TO (UVK KqUAI, CURRENT DlSTRlHOTlON 


rectly due to a nearby contact in the same circuit which has 
become loose. In bad cases the greatest care is necessary, as 
the bushings may explode. If deterioration has occurred on 
parts of bushings immersed under oil, certain compounds have 
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a tendency to absorb oil so that excessive swelling occurs which 
may crack tlic bushing. Compounds may also have hollow 
spaces caused by expansion and contraction in which corona 
effects arise, and heat the places concerned to an even greater 
degree. The latter has much the same effect as any other type 
of overheating. 

With outdoor oil-immersed switches having oil-filled ter- 
minal bushings, a marked cloudiness of the oil may often be 
observed in the oil level gauge. C^hemical analysis of the oil will 
then show various forms of sludgy products of decomposition, 
even when the bushing has been filled with })erfectly clean and 
suitable oil. The phenomenon is due to a photochemical 
oxidizing process, in which the effects of light and air are 
combined. The clearer the oil in the first place, the more 
marked is the clouding or sludge formation. The dielectric 
strength of the oil is, however, not ap])reciably altered. The 
effect can be prevented by a completely air-tight sealing of the 
glass container and by placing a light proof cap over it. 

4. Corona Phenomena. Corona phenomena on live con- 
structional 2)arts ai’e caused either by the conditions mentioned 
above or })y too sharp edges, wrong or defective earth connec- 
tions, too low an oil level, or other defects. Isolating switch 
blades in the o])en position which remain under voltage on 
both sides from different su})plies arc subject to slight periodical 
glowing in conjunction with noise. If the two supplies are not 
running synchronously with one another, the voltage on the 
switch blade concerned varies continuously between zero and 
a maximum value when the two voltages are in phase 
opposition. 

5. Wrong Tripping of Relays and Earth Leakage Indicators. 

Unnecessary tripping of relays, es])ccially reverse power 
relays, may occur as a result of capacitance effects. This 
trouble is particularly likely when isolating switches are 
arranged pole by pole so that the voltage coils of the relays 
lying in eacli phase of the series are cross -connected, and the 
capacitances of the connected parts of the plant receive a 
charging current. A relay not having a pure wattful charac- 
teristic may operate wrongly for this reason. In high-tension 
plant with a directly earthed neutral point, currents flowing to 
earth are often indicated, although no actual breakdown to 
earth has occurred. An ammeter for recording earths may 
indicate, for example, when a certain switch is closed, for the 
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following reason. The three poles of a three-phase oil-immersed 
switch as shown in Pig. 170 do not close their buffer contacts 
exactly simultaneously. On this account, during the time in 
which the contact of one phase only is closed the magnetizing 
current of one phase flows through the ammeter which indi- 
cates a breakdown to earth. The duration of this current is 
naturally very short, generally only a few half waves. It can 
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be reduced to a mininium by more precise adjustment of the 
three contacts, and by switching in with the smallest possible 
delay. In the case of three-phase oil-immersed switches of the 
three-tank type, which consist of three quite separate switches, 
it is therefore an advantage to use adjustable couplings. Sim- 
ultaneous closing of the three contacts is, liowTver, even then 
not always possible. If in spite of more accurate adjustment 
of the contacts and couplings, the meter still registers unneces- 
sarily, it is too sensitive and should be made less so by increasing 
the damping. Breakdowns to earth arising in service will still 
continue to be registered, since as a rule they are comparatively 
of much longer duration. 



CHAPTER XXXll 

STARTING EQUIPMENT 

General defects exhil'ited by starting resistances, both of 
the air and oil-immersed types, and also by water resistances, 
are covered in Chapter XXVllI. 

Troubles particularly experienced in connection with the 
starting of direct current and asynchronous motors are dis- 
cussed in Chapter XII, paras. 2 and 3. 

As regards starting apparatus in general, the principal 
remaining troubles are those associated with synchronous 
motors of which the following are the most important. 

1. Starting Devices for Synchronous Motors, (a) Asyn- 
chronous Tap-starting. This method of starting is chiefly 
used to-day on account of its simplicity and is similar to the 
starting of asynchronous squirrel cage motors. By means of 
a starting transformer with a tapping switch a reduced voltage 
is first applied to the motor. After the resulting start, according 
to whether the motor is started with or without load, it is put 
on to full voltage either directly or with an intermediate step. 
Various troubles may occur during this process sucjh as flash- 
overs on the slip-rings or on the rotor windings. These may be 
caused by the high voltage induced by the stator in the rotor 
at standstill. For this reason at starting the rotor winding 
should not bo open-circuited, but should be short-circuited 
through a protective resistance. It is obvious that with any 
over-voltage phenomena the value of the existing resistance 
should be checked. 

A wrongly pioportioned resistance, for example, with a very 
high ohmic value, probably has no protective effect against 
over- voltages. On the other hand, if the protective resistance 
is too small, the energy absorbed in the field circuit is too great 
and the starting is poor. 

If the starting voltage or the supply voltage itself is too low, 
the motor j.iay refuse to start when cold after a lengthy period 
of standstill. For synchronous motors with salient poles with- 
out a damper winding, when determining the starting voltage 
the reduction in torque at half speed should be taken into 
account to ensure that the motor does not “lock in’’ at this 
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speed.* The starting voltage, and also the starting current, 
should not be set too low, but at the same time only chosen 
sufficiently high to be suitable for the motor and the driven 
machine. 

When starting synchronous motors as shown in Fig. 171, 
serious trouble may be caused by a defective starting switch. 
Switching over from the lower to the lugher voltage should 
take place either without interruption, or at any rate with very 
brief interruption, in order to prevent a drop in speed in the 


From 
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interval. In this case the coils lying between the tappings of 
the transformer are first short-circuited through a resistance. 
Before this resistance is bridged by the main contact, the con- 
nection with the transformer tapping must be opened and the 
arc arising must be already extinguished, or else a short circuit 
may occair in the winding stej) between the two ta])pings. 
If an autotransformer is used for starting, this defect often 
results in a complete breakdown since, as is well known, auto- 
transformers are subject to very high short-circuit currents. 
Modern starting switches generally have suitably constructed 
interlocks to prevent such troubles. 

(6) Starting by an Asynchronous Motor. With this 
method of starting the asynchronous starting motor lias a low^er 
number of poles and therefore a higher synchronous speed than 
the main motor. By means of a finely stepped adjustable 
starter, generally a liquid starter, the slip of the starting motor 

* See Journal of Ameruan I.E E., 1920, p 34, A. Hay. 
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is SO regulated that the main motor can be connected in parallel 
with the supply as for a synchronous generator. 

In this connection, it should be mentioned that the speed 
of an asynchronous motor can only be adjusted to a sufficient 
extent by the rotor resistance when the motor has a certain 
amount of load. The rated output of the starting motor 
should on this account be suitable for the no-load losses, 
including the exciter losses of the main motor ; that is to say, 
it should be sufficiently loaded with these. 

(c) Starting with a Synchronous Induction Motor. In 
this case, the starting motor has the same number of poles as 
the main motor and after starting asynchronously is synchron- 
ized prior to synchronizing the main motor. The coupling of 
the starting motor and the main motor should be such as to en- 
sure that the rotating field of the latter has its correct position 
when the former is synchronized, so that paralleling with the 
supply is then possible. It is a serious defect when the syn- 
chronized starting motor goes into synchronism with reversed 
polarity. The rotating field of the main motor is then displaced 
a pole pitch relative to the stator field. If there is no electrical 
interlock on the switch, this possibility should be kept in mind. 



CHAPTER XXXIII 

FIELD REGULATORS 

1. Generator Voltage Regulation with Rheostats. The types of 
automatic voltage regulators usual to-day can be divided as 
regards their principle of operation into rheostats and vibrating 
regulators. 

The first type of regulator imitates the manual process in 
that by means of a suitable automatic drive a resistance is so 
varied that the quantity to be controlled, for example, voltage, 
current, load, power factor, etc., remains constant. 

(a) Regulating Proceduee. The variation of the magnetic 
field of a generator, and therefore the resultant voltage adjust- 
ment do not take place simultaneously with the movement of 
the rheostat, but with various time delays according to the 
design, size and speed of the generator. After an alteration 
in the working conditions and the associated voltage alteration 
the regulator should bring the voltage as rapidly as possible 
to the required value. On this account, it should alter the 
rheostat in the first instance to something beyond the new 
equilibrium value. The adjustment of the excitation from one 
operating condition to another is thus done by over- or under- 
excitation, the degree of over-excitation being adjusted auto- 
matically. The larger the so-called magnetic time constant of 
the machine is — that is to say, the more the field variation lags 
behind the resistance variation — so much larger must be the 
over-excitation on the field regulator. In order that the voltage 
value being adjusted should not deviate appreciably from the 
steady value at which it is to be maintained, the over-excitation 
must be reduced before there is an actual excessive alteration 
in voltage. If this takes place too late, and the field regulator 
remains too long in the over-regulated position, or if it moves 
backward too slowly into the new position of equilibrium, an 
excessive change results. This means that the regulator must 
again operate in the opposite direetion to correct the excessive 
over-regulation, and the same trouble may recur. The change 
to the new permanent position in this case takes place with 
many oscillations to and fro and, with very unfavourable 
conditions, may result in permanent hunting. Its cure is 
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generally possible by proper adjustment of the damping and 
the recoil. 

Accurate rapid regulation of an electrical quantity can only 
be ensured by proper interaction of the two regulator parts. 
It is usually achieved in the following ways. (See Fig. 172.) 
The generator has a certain load and a suitable exciter voltage 
to maintain the terminal voltage constant. Thus the contact 
position of the rheostat remains steady at the point 1. In this 
operating condition the main spring / just balances the pull 



Fi«. 172 . Diagram of Connk(’tions and Arranckment of a 
Resistance JiEcjn.ATOR 

a -- Alternator with ftelil windins. e - Contact apparatus. 

b = Exciter. f Main or a<ljiisting sy>ring. 

c Field winding of the exciter. u Recoil spring. 

d — Voltage magnet or operating /» - Damping, 

mechanism. 

of the voltage magnet. This state of equilibrium, however, 
alters immediately if the electrical loading, the speed, or any 
other of the quantities alters. If, for example, the load decreases 
and results in a rise of terminal voltage, a corresponding move- 
ment of the magnet takes jilaee, tending to produce a voltage 
drop, it will come to rest, for example, in position 3 due to 
the increasing tension of the recoil spring g. The damper disc 
was originally at rest, but begins to move under the pressure 
of the spring g. By appropriate adjustment of the contacts, 
the regulating resistance is so far raised that the exciter voltage 
is reduced by an appreciable amount. The exciter current, 
however, cannot follow the exciter voltage immediately, on 
account of the self-induction of the rotating field winding. As 
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soon, however, as the rerluetion of the exciter current becomes 


appreciable due to the decreased voltage on the regulator, the 
tractive force of the magnet decreases and reduces the tension 
of the Si)ring g. I'lic magnet d moves farther l^ackwards, so 
that the contact apparatus ultimately arrives at position 2, 
and as a result a higher exciter voltage arises. In the mean- 
time, the dam})ing disc has rotated so far that the spring g no 
longer has ain tension on it. If at this moment the generator 


voltage has again reac*hed its 
normal value, the re^gulating pro- 
cess is complete. 

The characteristic of this ])ro- 
cess thus consists in altering the 
exciter voltage past the value 
which corresponds to the new 
load condition. Without this 
over-excitation, rapid regulation 



is not possible. The correspond- 
ing regulating curves are shown 
in Fig. 173 conij)ared vith a 
regulating })rocess without over- 
excitation. 
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(6) Huntincj. Previous mention has been made of the 
importance of tlie over-regulation being sto])ped at the correct 
time if the regulating ])rocess is to be free from hunting. If, 
for exam])le, the running time of the dam])er disc is short, the 
tension on the restraining spring g is released too soon. The 
movement of the magnet and consequently the over-regulation 
is then too great. On this account a mark(Hl voltage variation 


arises which forces the regulator to the farthest point. The 
running time for the damping a])paratus is dire(*tly dependent 
on the magnetic time-constant of the machine, that is, on the 


rapidity with w Inch tlie terminal voltage varies after a certain 
exciter voltage change. 

The causes of hunting are so numerous that they cannot be 
exhaustively discussed here. Only a few of the most important 
characteristic types of liunting will be mentioned. 

1. The dam])ei‘ disc in Fig. 172 remains almost stationary, 
the magnet system then moves to and fro with the contact 
apparatus, and the hunting is very rapid. 

2. The damper device moves almost in phase with the 
contact apparatus. The damping appears to be rigidly coupled 


21 — ('^23) 
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with the magnet system and the contact apparatus. In this 
case, the hunting is very slow. 

In the first case, the trouble is usually over-regulation, that 
is to say, very high regulating speed with too retarded a recoil 
to correct the over-regulation. Since tlie damping device is 
already at a standstill, H is useless to increase its force. A 
more effective expedient is to increase the strength of the recoil 
spring, that is, to make its characteristic steeper. The second 
type of hunting is caused by the opposite conditions. The 
recoil spring is too strong, the over-regulation consequently 
insufficient, and (‘ombined with this there is too low a regulating 
speed and too early recoil of the over-regulation. This can be 
cured by increasing the damping or weakening the rec'oil spring 
to give the required regulating si)eed. 

Other causes of hunting in regulators are — 

1. Too great friction and consequent lack of sensitivity. This 
trouble can be easily delected. 

2. Too great or unequal stepping of tlie field regulator. In 
this case the regulator hunts with a high sjieed of oscillation, 
since even with small movements of the magnet system it over- 
rogulates. 

3. Too small field regulator resistance so that over- regulation 
is impossible. The regulator in this case hunts slowly and goes 
from a position at one end of its range to the other end. 

4. Regulation in the unstable range of the magnetizing curve 
of the ex(*iter. I n this case, with a rapid regulator, the generator 
voltage can nevcj theless l)e maintained practic*ally constant by 
suitable adjustment of the recoil and damping. Tlie regulated 
voltage will, however, always fluctuate sliglitly althougli 
within permissible limits. With adecjuately proportioned 
exciters this condition can be im])roved by incorj)orating a 
resistance directly in the circuit of the rotating field. The 
exciter is forced by tliis to work wdtli a higher voltage and thus 
in a stable range. This ex})edicnt, liowever, results in greater 
losses in the exciter circuit. 

5. Too much axial ])lay of the regulated machine causing the 
magnetic flux to pulsate continuously and the regulator con- 
tinually to ‘?wing with it. Also irregularities on commutators, 
field coils and other parts as described in Part 1 . 

6. Unstable operation of the governor of tlie driving machine 
so that the speed (and with parallel ojieration the loading also) 
alters periodically. In bad cases, the turbine governor and the 
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voltage regulator may have a joint effect resulting in resonant 
fluctuation. This can generally be easily cured by altering the 
characteristic of one regulator so that the disturbing frequency 
is displaced out of the critical jangc^ If both turbine governoi 
and voltage regulator are to work properly togctliertliey should 
each operate alone in a stabk^ manner 

7. Abnormally strong residual mag]i“tism of the exciter, 
making rapid regulation impossible. This shouki be cured by 
modifying the exciter. 

8. Wrong brush position of the exciter : i.e. greatly displaced 
brushes, in conjunction vith a large voltage drop in the exciter 
so that the influence of the regulator is too small. When the 
brushes are displaced too much, this gives the exciter a com- 
pounding characteristic and consequently increases the regu- 
lating time. The speed of adjustment of the exciter voltage, 
due to the influence of the compounding, is in this condition 
considerably dependent on the main current, the rise of which 
takes place too slowly. 

9. Too great a voltage drop in the generator itself. This 
becomes apparent when, on sudden load surges, large voltage 
variations occur. 

Even in the case of generators with normal voltage drop, 
and more often with excessive voltage drop, a voltage variation 
is naturally unavoidable with load surges. All regulators 
operate immediately after an alteration in the (juantity to be 
regulated. On the other hand, the fleviation of the regulated 
quantity from its norjnal value, as regards the duration and 
extent, is only dependent on the speed and sensitivity of the 
regulator. The liighest possible sensitivity of the adjustment is 
always to be desired, particularly when the regulator has the 
task of reducing as far as possible the effects of sudden load 
peaks. The sensitivity varies in rapidity with the adjustment. 
On the other hand, increase of sensitivity is limited, in that the 
regulator continuously makes small rapid oscillations if it is 
actuated by the smallest periodic variations of the load or of 
a belt or gear drive. With this type of trouble, the regulating 
apparatus is only wearing itself out without any practical 
advantage being gained. 

With automatic voltage regulation of d.c. generators there 
is the consideration that this simultaneously means regulation 
to constant output. The hunting of a d.c. regulator causes the 
governor of the driving machine to move, which may easily 
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lead to opposed hunting of the two regulators. This can 
easily be cured by an adjustment of the two regulators to very 
different speeds. 

(c) Carbon Ptle Regulators. Metals are generally used as 
resistance materials for rheostats, and do not need any special 
comment. Water resistances are very rarely used. Recently 
carbon pile regulator's have bt^en used wliicli are constructed of 
disc shaped carbon pie(*es arranged in a pile. Tlie resistance 
variation is obtained by variable axial ])i*essiire on the pile by 
which the contact resistance between the single discs can be 
altered considerably. Carbon ])ile regulators have the advant- 
age that the resistance is not altered in steps, but smoothly 
between the maximum and minimum values. The carbon pile 
has the disadvantage, however, that its resistance is dependent 
on the temperature. Since the regulating of the carbon pile, 
that is, the difference of the pile lengths for the limiting values 
of the resistance, is very small, the temperature influence is 
very marked. In the usual types of carbon pressure regulator, 
it is necessary on this a(*count for the carbon j)iles to be ad- 
justed from time to time so that the a])j)aratus may fulfil its 
purpose. In addition, the electrical loading capacity of the 
carbon pile is very limited. When a certain temperature is 
exceeded the pile disintegrates into dust and becurnes useless. 
Even within the permissible loading limits a marked loss of 
carbon dust can be n()ti(*ed on tlie dis(*s, caused by the ordinary 
regulator inoveinents. The unfavourable shape of its character- 
istic makes it necessaiy tor it to be controlled by complicated 
poles or curved discs, inaking it difficult to attain precise 
regulation. 

(d) Indirfxt Regulators. Similar comments obviously 
apply to indirect regulators of which the c*ontact apparatus 
is not directly coupled to the rotating drum but o})erates 
through an oil servomotor. These regulators also o])erate on a 
princij)le of over-excitation, and hunting, according to the 
cause, can be cureti in tlie same way by suitable adjustment 
of the rc' oil s})ring or the damping. indire(*t regulators are also 
mostly equipped with fluid damping, generally oil dampers. 
The effectiveness of the damping depends on the viscosity of 
the oil, which may vary considerably, according to the 
temperature. 

2. Generator Voltage Regulation with Vibration Regulators. 

The principle upon which the vibration regulator works is as 
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follows. A buffer resistance in the exciter circuit is periodically 
short-circuited by vibrating contacts, and the total resistance 
value thereby lowered. The extent of tlie variation of the 
resistance is fixed by the frequency and duration of the short- 
circuits, and is directly controlled by the value to be regulated. 
The losses which arise in the resistance units of resistance 
regulators, and which are removed by rn liation and convection, 
must in vibration regulators be partly taken up by the vibrating 
contacts. Their life and their load capacity are therefore limited. 
When the contacts are overloaded, tluu’e is the danger that 
they will become welded together. In service, a regular reversal 



Fig. 174. Stabilizin(, Connectiois fok the Voi.taojj Kegulators of 
Two Parallel D.C. (jIeatejiators 
a DC «oi)eiato!s (' stalnliziiiK n\ iiuliiiK" ot the icgulatois. 

b i(*t?ulatois tl Stabili/iiip: l(‘slstaIl(•(“^ 

c Pit kl indues of tilt* nyiilator^ 

of the (‘ontact polarity is necessary to reduce the contact wear, 
and recently this switching over has been done automatically. 
The advantage that vibration regulators have over rheostatic 
regulators is their somewhat higher regulating speed. In the 
case of large generators, however, this difference does not arise, 
as the time c*onstant of the main alternator field is apjireciably 
greater than that of the exciter. The factor governing the speed 
of regulation, particularly of the voltage l ise, is primarily the 
load capacity of the exciter. 

3. Regulation with Parallel Operation, (n) D.C. Generators. 
(See also Chapter IX.) When several d.e. generators are 
operating in parallel and eacdi generator has a field regulator of 
the so-called avfomatic type, regulating to a constant voltage, 
unavoidable voltage and load variations occur even when the 
individual generators exhibit sufficient internal voltage drop. 
For stable parallel operation with automatic regulators, there 
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must be a stabilizing device supplied from the current through 
each regulator, which immediately balances any unequal 
current distribution. (See Fig. 174.) On the other hand, 
satisfactory parallel operation is possible without auxiliary 
devices with hand-operated regulators. Tliere is, however, the 
disadvantage that the regulated voltage does not remain 
constant from no load to full load, but fluctuates. 

(6) Alternators. (See (flia])ter X, paras. 2-5.) The voltage 
regulation on alternators running in parallel, unlike that of 


-tOtrecfiono^fation 



Reactan^ces between (tJjneratou and Supply 
{a) Diagram oJ count ctloiis {h) Vt( loi diagram. 

d.c. generators, is practically free from trouble. Alteration of 
the generator excitation with parallel operation only affects 
the wattless load distribution. The working load of the gen- 
erator is fixed only by the governor j)osition and the torque 
of the driving machine. Voltage regulators on alternators in 
parallel serve the purpose of distributing correctly the wattless 
load. Regulator hunting therefore only results in hunting of 
the wattless current, without influencing the governor of the 
driving machine. 

The control of the wattless current distribution by auto- 
matic voltage regulators becomes easier as the reactance 
between the generators increases, as shown in Fig. 175 (a) 
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and (b). It is assumed that a generator operates on a supply 
system through a reactance X. F is the vector indicating the 
magnitude and direction of the supply voltage, i the load 
current and (f) the phase angle. The generator is over-excited, 
and its power factor inductive, that is to say, there is a magnet- 
izing wattless current fed into the supjily. The voltage Fx 
across the reactance is phase displaced ')()'^ in front of the load 
current /. The nec^essary terminal voltage on the generator 
must on this account be higher than the supply voltage at 
the point P, and is represented by the vector F(.. If now for 
any reason the wattless current increases, the phase-angle 
between generator current and line voltage increases further 
and the power factor is smaller. At the same time, the voltage 
vector alters its j)ositi()n due to tlie leactaTice, so that the 
generator voltage must rise about A T. This voltage change 
and the associated increase in wattless (urrent opposes the 
voltage regulator, whicli accordingly maintains +he voltage 
constant. 

The diagram shows that with an alteration in wattless 
current the greater tlie effective reactance between the gen- 
erator and the supply the more the generator voltage must rise. 
For this reason the w^attless load distribution betw^een gen- 
erators and power stations, which must run in parallel through 
transformers or long overhead sujiply lines, can be very easily 
carried out by automatic* voltage regulators, wdiicli also reduce 
the danger of overloading with wattless current 

In this resjrect the conditions for the generators of a power 
station are much more unfavourable when they are directly 
c'onnected througli bus-bars, so that there are no reactances 
to have a stabilizing effect. When using ordinary automatic 
vcJtage regulators single generators tend to develop w^attless 
current, in other words, run over-ex(*ited, while other gen- 
erators tend to absorb wattless current and so run under- 
excited. Good parallel operation is, however, possible even 
in this case by using suitable wattless current stabilizing 
devices which ensure the automatic distribution of the wattless 
current to the generators. The voltage regulators should at 
the same time be made sensitive to the power factor, so that 
when the power factor is low" the voltage is suitably regulated. 
The generator voltage thus follows the requirements of the 
supply, so that an excessive wattless circulating current can- 
not arise. 
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4. Ssnichronizing. (a) Power Surge. Entirely reliable 
remote control of the oil switch is the first requiiernent for 
successful synchronizing. The shorter the total closing time, 
that is, the time between the first switch movement and the 


actual closing of the buffer contacts and also the main contacts, 
the easier is it for the engineer or the automatic control to 
synchronize witliout surge. Theoretically, paralleling entirely 
without a surge reqxiires absolute matching ol’ both frequencies 
and also the exact coincidence of both voltage vectors, zero 



phase displacement and equal 
voltage values. This condition 
is, Iiowever, neither necessary 
nor attainable in practice. 

For practical purposes the 
o])erator can judge the fre- 
quency deviation when syn- 
chronizing from the speed of 
the syn(*hros(*ope, or tlie phase 
voltmeter. The limiting value 
for the difference in frequen- 
cies amounts to about 0*2 per 
cent to 0*4 per cent, according 
to whetlier the machine is 


Fig. 176. Position OF SvNf iiKo paralleled through bus-bars, 
SCOPE Pointer for Parallel transformers, overhead lines 
kWijtHiNG cables. The smallest surge, 

therefore, occurs when the coupling switch is closed im- 
mediately at the moment of phase coiiu'idence. The signal 
to actuate the switch should therefore be given in advance, 
that is, so much earlier ac*cording to the operating time 
of the coupling switch and the frecpiency deviation. An in- 
vestigation leads to the following results: if with about 0*3 
per cent frequency difference a synchronizing switch is closed 
so that the contact takes place at the moment of phase coin- 
ciden(*e, there occurs between generator and supply a surge 
of about 30 per cent of the generator normal load. As a result 
of this surge, the frequency difference existing before syn- 
chronizing is corrected. This approximate value applies to 
the synchronizing of generators directly through bus-bars. If 
greater reac'tances lie between the generators, the surge 
decreases with otherwise equal conditions, but the oscillation 
lasts longer. 
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(6) Instant of Switching. The following simple calculation 
gives the correct instant in time, or the pointer position of the 
synchroscope, for the signal to operate in order to balance the 
switch lag, and for the synchronizing to be correct. 

In a 50-cycle supply the pointer of a two-pole syncliroscope, 
as in Fig. 176, with a frequency difference of 0-3 pei cent, Ixas 
a rotational speed of 

N ™ 50 X - 0*15 Re vs. /sec. 

1 Rev./sec. = 360 electrical degrees per second. Consequently 
the electrical angular speed of tlie synchroscope is — 

(o =z 0*15 X 360 = 48"" el/sec. 

In a two-pole synchroscope, the electrical degrees coincide 
with the geometrical angular degrees. 

If, for example, the total characteristic switching time of 
the synchronizing switch amounts to 0*4 sec., the switch 
should be operated at the instant in which the rotating pointer 
of the synchroscope is in front of the in phase” position by 
the angle — 

A(o — 48"" X 0-4 = 20° (approx.). 

If the switching time were 1 sec. instead of 0-4 sec., the angle 
at the instant of switching would amount to 50°. It can easily 
be judged tliat under such conditions reliable switching is 
impossible. If, on the other hand, the switching time amounts 
to only 0-2 sec., the angle is reduced to 10 electrical degrees 
and synchronizing is ajjpreciably more certain. 

The following three types of instruments are in general use 
for paralleling — 

1. Rotating field synchroscope. 

2. Phase voltmeter giving a sum voltage indication that is 
the so-called '‘lamps bright" switching. 

3. Phase voltmeter with difference voltage indication, the 
so-called “lamps dark” switching. 

The first instrument provides the best control and safety 
for the process of synchronizing. 

Of the two schemes of connection of the phase voltmeter 
the “lamps dark” switching is preferable as regards precision 
on account of the possible voltage error near synchronism. 
(See Fig. 177.) It should be noted, however, that a fuse might 
blow or a bad contact occur, when the voltage would then also 
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be zero and on this account the synchronizing switch might be 
incorrectly closed. There are also automatic synchronizing 
devices which switch in on ‘‘lamps bright ’ but in addition 
have the precision of the ‘'lamps dark" method. 

(c) Supply Coupling and Load Hunting. The coupling 
of two loaded supply systems is generally muc*h more difficult 
than pure parallel connection of a generator to a supply. 
Comparatively small switching inaccuracies cause even greater 
disturbance, since not only the moving masses of the generators 
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but also those of the total conne(*ted load have to be a(*c('l('rated 
or retarded. 

If two supplies are paralleled through an inter-connecting 
cable of which the normal current is smaller than that of the 
smaller supply, the load conditions in tlie smaller supply are im- 
portant for evaluating the surges arising in the interconnector. 
(See Fig. 178.) If the ])aralleling is not very precise, current 
surges may easily occur which reach the tripping out value 
of the protective relay on the coupling switch. 

There may be extremely sensitive conditions with j)arallel 
connection in which the smallest surge may cause pei'inanent 
load hunting until the nearest generator is finally isolated. 
There are various possible reasons for this. 

1. A defect in the generator for example, an intermittent 
winding short circuit in the rotating field. Due to an over- 
voltage, caused in the rotor circuit by the stator current surge, 
an intermittent winding short circuit may arise at a weak part 
of the rotating field winding, and result in fluctuations of the 
magnetic field. 
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2. Too high regulating speed of the turbine governor which 
operates too violently on small speed variations. 

3. Too small moving mass of tlie combined geiici.itor and 
turbine, which together with tlie characteristic of the turbine 
governor mentioned al)ove, causes unsatisfactory operation. 
Water turbines behave particularly erratically in this res])ect 
under no-load conditions. 

4. Large impedances between the interconnected generators 
and the remaining parts of the suj^ply. While, as explained 
above, the wattless load distribution is v(uy stable with large 
impedances, the opposite is the case as regards the stability 
of the load distribution. The reason for this is that the angle 
of displacement between the rotating field and the stator field 
increases in proportion to these im])edances. This phenomenon 
consequently sets a limit to the value of the short-circuit 
impedance of the transformers. 

It is not always ])ossible to cure these various forms ui 
hunting by adding dam])er windings to the rotating fields. 
The time of oscillation is getierally too large, on which account 
as strong as possible a damper winding would be necessary 
which, from the constructional point of view, cannot be 
applied. In normal operation, load hunting also occurs on 
generators which are driven by reciprocating engines such as 
steam, diesel, or gas engines. In tliis case the trouble can often 
be remedied by building in a dam])er winding, since the fre- 
quency of oscillation is generally eoiisidei-ably higher than in 
the case of oscillations caused ])y the surges due to paralleling. 
(See Cha])ter -X, ])ara. 4.) 

5. Generator Regulation when Feeding Open-circuited Over- 
head Transmission Lines. Unlike regulation with inductive 
wattless load which involves over-excitation, a capacitance 
wattless load on the generator necessitates a weakening of the 
excitation, since with capacitance loading the armature reaction 
has the effect of raising the voltage. It is necessary that the 
regulator shall be able to control the generator excitation in a 
stable maimer dowm to zero, and an ordinary sliunt exciter 
is no longer sufficient for this. To-day an exciter group is 
generally used consisting of a main and an auxiliary exciter. 
The excitation of the first is supplied by the auxiliary exciter, 
which can with advantage be maintained at constant voltage. 
The automatic voltage regulator can then without difficulty 
control the excitation of the main exciter to any desired value, 



314 


FAULTS AND FAILURES IN ELECTRICAL PLANT 


even including reversed excitation. The latter has no import- 
ance in the case of normal operation on load, since counter- 
excitation is only permissible to a very limited extent on 
account of the tendency of the generator to fall out of step. 
On the other hand, it has advantages as regards speed of 
regulation, in that due to the “negative impulse” in the exciter 
circuit the building up of the magnetic field is accelerated. 

The difficulties associated with the switching in of long 
overhead lines are as follows. 

When a generator is excited to give normal voltage for a 
transmission line, and this line is connected alone to the gener- 
ator or its associated transformer, a sudden severe voltage rise 
is unavoidable. It will at least trip the over-voltage relay. A 
long overhead line should, on this account, not be directly 
connected but should be treated as described below. 

1. The unloaded transmission line should first be connected 
to the unexcited generator and the rise of the voltage observed. 
With strong self-excitation this will be very marked, and the 
voltage at the opiui end of the line may be much greater than 
the working voltage after a state of equilibrium has been 
reached. In this case the line should not be set in operation. 

2. If no self-excitation is apparent from the above test, it 
should then be decided whether the load current of the system 
can be supplied by one generator only, or wliether several 
generators are necessary. 

3. The regulating de\ice of the generator, to be suitable for 
this connection, should enable stable regulation of the exciter 
to be obtained down to zero, or even to a certain negative 
value. 

4. If a special generator is provided for charging the supply 
line and equipped with a suitable voltage regulating device, 
the line should be switclied on to the unexcited generator 
and thereupon the generator gradually excited to normal 
voltage. 

The transmission line is put under voltage even more safely 
if the line is connected on to the generator at standstill and 
the spewed and frequency successively increased. 

When several generators are necessary for charging the line, 
it is best to proceed as follows. 

Generator No. 1 is excited with the smallest possible voltage 
with the automatic regulator in operation. Generator No. 2 
is then paralleled in the usual way, its automatic voltage 
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regulator being first switched out. The excitation of No. 2 
is adjusted as low as possible by hand so that it takes its 
magnetizing current principally from Generator 1. 

If now the transmission line is switched in, no trouble is 
likely to arise if the magnetizing current of generator No. 2 
has approximately the same value as the charging current of 
the line. 

When several parallel generators are necessary for charging 
an unloaded overhead transmission line, none of these generators 
should under any circumstances be switched out. The remain- 
ing generators would not be able to supply the charging 
current for the line and give stable voltage regulation, and such 
switching out would result in a momentary over-voltage. 

' When an unloaded transmission line is to be isolated, the 
transmission line switch should first be tripped, and after this 
the generator switches. 

If it is desired to ])roceed from the no-load to the loan 
condition of the supply, the generator must first of all be 
changed to positiv^e excitation; if the load is taken up by 
a generator with minimum or counter excitation, it will fall 
out of step. 

More reliable and stable working of the transmission line is 
maintained if the transformers at the end of the line remain as 
far as possible continuously in circuit. 

6. Load Transfer between Generators in Parallel. In modern 
installations, generators and their associated transformers are 
often solidly eonnected w ithout an intervening sw itch. Troubles 
arising outside the group are then cut out b> the oil switch 
on the high voltage side of the transformer. As compared with 
the older ty})es of installation, this has the advantage of greater 
simplicity of the switch board and less breaking kVA. capacity 
for the oil switch, since this is limited by the transformer 
impedance. In order to bring about difl’erent transformer 
conditions inside the installation, there are usually isolating 
switches and an auxiliary bus-bar on the low voltage side 
betw^een the generators and transformers. On to this bus-bar 
are generally connected the auxiliary plant of the power station, 
and even possibly a low -tension loaci. The operating con- 
ditions often require the loading of the low voltage side 
of one generator to be transferred to another without the 
parallel operation on the high voltage side being interrupted. 
The transposing is then done by means of the available isolating 
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switches as in Fig. 179, in which, under certain circumstances, 
it may be incorrectly assumed that when the generators are 
paralleled on the high voltage side and remain so, switching over 
can proceed forthwith. To remove the low voltage load from 
Generator No. 1 to Generator No. 2, the isolating switch TII 
is first closed and afterwards TI opened. As a result of this 
operation, however, a very severe arc may occur on opening 
the switch TI, which may easily lead to a short circuit on the 
bus-bar. The arc arises because on opening the isolating switch 

TI, the switching-out voltage 
occurring on its contacts is not 
always zero. This necessitates 
equal loading of both generators 
at the instant when the isolating 
switch is operated. When, for 
example. Generator No. 2 is 
heavily loaded while Generator 
No. 1 runs light, the voltage of 
Generatoi- No. 2 immediately after 
opening the isolator is higher than 
that of Generator No. 1 by the 
amount of the voltage drop of its 
transformer. 

To be able to switch over with- 
out danger, which also requires care, both generators should 
first be adjusted so that on the high voltage side their load 
and power factors are as nearly as possible the same. 

7. Devices for Regulating Network Voltages, {a) 'J'apped 

Trans fc’ORMERs. As a result of the closer and more compre- 
hensive interconnection of supply systems, the supply of 
energy has become much more certain and the individual units, 
i.e. energy suppliers as well as consumers, have to a great 
extent lost their earlier independence as regards the maintenance 
of the voltage. This applies more particularly to the voltage 
conditions at the feeding points of the distributors. 

A simple example might consist of a service area with several 
parishes supplied with energy, over a fairly long distance, from 
a main or substation. It is required that there shall be at the 
substation or at the distributing point a device for regulating 
the voltage, so that this is altered according to the load, that 
is, a compounding effect is required to maintain the consumers' 
voltage at a practically constant level. It is easy to perceive 
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that a main or substation coupled to other large power stations 
is not in a position to regulate its own voltage by adjustments 
to the actual generators. To balance the voltage losses between 
supply point and consumer, which fluctuate with the load, or 
the variations in the supplied voltage itself, induction regulators 
and tapped transformers are employed Since the latter, in 
most cases, solve the problem and are la addition appreciably 
cheaper than induction regulators tliey have in recent years 
been widely employed. 

Voltage regulation with tapped transformers is generally done 
as follows. The regulating transformer lias a main and a 
regulating winding with a number of steps. The regulating 
winding as a whole can be connected with the main winding so 
as to have the effect of raising or lowering tlie voltage. This 
gives twice as many regulating steps as there are tappings or 
switcliing steps. The change from one step to another can with 
modern tapped transformers be done on load with the assistance 
of protective resistances or choke coils. These limit the short- 
circuit current which occurs in tlie tapped coils with uninter- 
rupted (*hange-over from one step to another. The use of choke 
coils instead of pure ohmic resistances has the disadvantage of 
increased contact wear, since the coil circuit which has to be 
broken at each sv\ itching is chiefly inductive, whhdi increases 
the w^ork of switching. The longer duration of the arc with 
choke coils also endangers the main contacts of the tapping 
switch, wluc*h are only designed foi sparkless ()]:)erati()n, since 
the energy on breaking the circuit has partly to be handled by 
them. 

With suitable designs the main contacts carrying the steady 
current always operate without sparking. The short-circuit 
load of the coils to be broken is taken up by specially formed 
sparking contacts which should not be placed in the trans- 
former tank, in order not to foul the oil. Since the protective 
resistances or clioke coils are only in use duiing the regulating 
process, they are not designed for continuous load. 

If the operation does not proceed (*orrectly, and tlie tapping 
switch remains in some position other than on a main contact, 
the protective resistance will be destroyed. This trouble 
should, however, be prevented by special mechanical inter- 
locking on the driving mechanism. 

If when tap-changing under load from one step to another 
a pronounced voltage drop of short duration is noticed, it is 
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probably caused by too large a protective resistance (or choke 
coil). In Fig. 180 (1) to (4) are shown the most important 
intermediate positions when tap changing without interruption 
of the supply 

In the case of automatic tap changing transformers, the 
driving motor vill continually move the tapping switch up and 
down if the sensitivity of the regulator is not made suitable, 
that is to say, if the regulator operates between the voltage 
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1 PrelinimniN vs orkinu position 

2 liitenntiliAli position, with ont stt])ofllH n Kiihtor wiiKliiiKbriilRed ovor 
J liiternuUiiu jiosition Mini lurifiit llowmq: tliroutJh the protective 
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4 New working i osition • 

a Mam wind jIg of till tr insformer < IToter tive rf smtain e 

b ll( Rul itiim wiiidiiia: ot tlu tianstniiiur / ^iixili ir\ ii( itij? loiitdcti 

( — Mini (otitad ot th< tapping svs it < h f/ Mini in nig coiitaits 

(I Auxili ir> tontai t of the tapping switch 

difference of two adjacent step})ings If, for example, the step 
voltage is 1*2 per cent and the operating limit of the control is 
i 0-5 per cent, the tapping switch will as a result be in a 
permanent state of movement. 

(b) Rotating Transformers (Induction Regulators). 
(See also Chapter XXIV ) The voltage regulation with induc- 
tion regulators is continuous, and on this account has a degree 
of precision w^hich often exceeds the practical requirements. 
Induction regulators are often provided with devices which 
cut out the regulator and facilitate working without any volt- 
age control. It should be noted, however, that in spite of 
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exactly equal voltages on the incoming and outgoing sides, 
the short circuiting cannot be carried out directly, since in 
induction regulators the two voltages mentioned are phase 
displaced as shown in Fig. 181 (6). 


H S T 



Fici. 181. Bkij>ginu Ovek av Indi ('tion Kegueatou without 
I NTERTtrrTlON 

(a) Diagram of ooriiioct ions, (ft) Vt)ltagc \eft or diagram. 

a Tnd lift ion rrgiilatoi. 

ft Isolator switch of the induction regulator. 

(• Itndging-ovcr switch. 

d Protective resistances or protective choke coils. 

T” T'nrogulated voltage. 

y' Jt('gulated voltage. 

Ar Ditlorential voltage. 

7 .\ngle ol disjdacement of tlie two voltages. 

If short-circuiting under load has to he carried out with 
uninterrupted operation, the two switches b in Fig. 181 (u) 
should be ti’i])ped out when the arcing contacts of the short- 
circuiting switch are toucliing. On the oilier liand, the main 
contacts of the latter should only touch when the two switches 
b have been tripped, tluit is, when the s^^ itching-out arc is 
completely extinguished. 
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CHAPTER XXXIV 

CONTROL SCHEMES 

1. Semi-automatic and Fully Automatic Equipment. Auto- 
matic control is to-day extending to such drives as pumping 
stations for public water supply, cable railways, hoists of all 
kinds, and the like. Such automatic plant is generally installed 
in remote places, and it is not always possible for the driving 
motor to have its own particular transformer, but the trans- 
former plant for tlie whole district has to be utilized. On this 
account there is often, particularly with somewhat difficult 
starting conditions, a momentary voltage drop at the driving 
motor. This may be so considerable that various important 
control apparatus, chiefly shunt magnets, trips out. The 
voltage drops occur when the larger resistance steps of the 
starter are short-circuited with either separate rotor starters 
or centrifugal starters, due to the voltage dro|>s in the trans- 
former or the cables. Since, however, the first step in starting 
the motor is made, for example, by a float contact, which will 
not have altered its position during tlie attempted start, this 
will restart the motor, but the installation will for the same 
reason be switched out again, and so on. In modern automatic 
control gear this is usually taken into consideration, and con- 
trol apparatus is reliable in operation even with voltage 
drops amounting to 25 per cent of tlie normal voltage. For 
safety, however, ])articularly of automatic plant, the minimum 
voltage should be arranged as low as possible, particularly 
since the working voltage itself may now and then be unavoid- 
ably low. Very often in automatic pumping stations troubles 
arise in connection with the float device, such as jamming of 
the float or contact troubles, but usually these are relatively 
simple to detect. 

2. Ward-Leonard Control. The Ward -Leonard connection as 
shown in Fig. 182 consists of one or more d.c. motors directly 
supplied by a d.c. generator, frequently without a switch in 
the main circuit. The control of the motors is very finely 
adjustable, and adaptable for either direction of rotation as 
desired, by altering the generator excitation. If there is no 
switch with automatic overload trips in the main circuit, there 
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is a danger from self-excitation. Self-excitation causes the 
terminal voltage of the generator to rise and as a result the 
main current may increase to many times the normal, with the 
generator unexcited. In such a case the only cure is to stop 
the whole set immediately. Since self-excitation must be 
prevented from occurring under any conditions, *t he generator 
should either be provided vith a revej-e compcuind winding 
or its brushes should be sligiitly dispiace(i out of the neutral 
zone in the direction of rotatioii. 

If the machines to be driven by 
tlie motors have an appreciable 
inertia, as in the case of conveyors, 
overhead cranes and the like, a 
powerful reverse current may arise 
in the main circuit when the 
generator excitation is switched 
off quickly, which may amount to 
several times the normal current. 

The motor then operates as a 
generator, driven by the flywlieel 
effect of the masses wliich arc in 
full rotation, back on to the motor- 
generator set . This j)rocess is 
utilized in many installations, par- 
ticularly conveyors, for braking 
purposes, witli the help of suitable 
control gear. 

The speed control of a Ward-l^eonard group is generally 
done with a potentiometer-connection as shown at e in Fig. 182. 

The occurrence of excessive currents when stopping and 
when regulating the speed, even when the regulator is operated 
with care, may be due to wrong stepping of the resistance. After 
the regulating resistance has been adjusted to its zero position, 
a steady current of full load strength may sometimes exist. 
When the generator itself has no tendency to self-excitation, 
this current is not directly a source of danger to the group, but 
decreases the flexibility of control. Tt is caused by the excessive 
residual voltage of one exciter in the exciter circuit of the 
Ward-Leonard generator, usually the main exciter. It can be 
completely cured by breaking the exciter circuit of the main 
generator. 
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d - Motor 
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CHAPTER XXXV 

PROTECTIVE SCHEMES FOR A.C. PLANT 

1. Polyphase Protective Systems, hi a.c. installations with no 
earthed neutral point, two eurrcnt transformers only are 
sufficient for the tripping devices and vill deal with all likely 
causes of trouble Wiien the secondary \\ indings are connected, 
for example, in the 60° connection as in Fig. 183, efficient pro- 
tection is usually ensured against any short circuits between 
phases, provideii the current tr.insformer lies immediately in 
the faulty supply line, and that the fault current flows directly 
through it. if, howTver, the site of the short circuit is sej)a rated 
electrically, for example, by a trajisformei , trojn the place where 
the current transformer is fixed, e\en the connection may 
fail, as shown in Fig. 184. With a short circuit on the high- 
tension side betw en two phases the sum of the currents 
formed in th(‘ relay circuit is cf(eal to zero, and the relay wdll 
not operate. 

A protective system which is reliable under any conditions 
is obtained liy the use of three relays. 1'his also protects 
against breakdowns to earth when the* neutral point of the 
supply is earthed 

2. Release Systems for Switches. l^h'cti-omagiK'ts are em- 
ployed in practically all cases for the deliberate or automatic* 
tripping of sw itche*^ when trouble arises Three principal types 
of release &yst(‘in‘ exist, classified according to tlie manner in 
which the release magnet is supplic-d, and the type and mode of 
operation or the tripjiing piocess. 

1. No-volt Eelease. i'he magiu^t attracted and supplied 
before release by a steady current is demagnetized by inter- 
ruption of this current and trijis wh(*n the voltage (ails. 

2. Eelease by the Load Cm rent The rnagne^t wdtliout current 
prior to the release is brouglit into action by the load current, 

Ijoaci current systems are divisible into the following groups — 

{a) Fed from the supply voltage. 

(6) Fed from an external source independent of the supply. 

(c) Fed through a current transformer in the associated 
supply. 

(i) Steady CnRRENT System. This system (1 above) may 
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obviously only be used when a switch has to be released as a 
result of a drop in the supply voltage. In many cases, it has 
to be used for interlocking a switch which should not operate 
while the supply voltage remains switched out. It is used 
chiefly for the protection of motors against current surges 
which might arise after the supply voltage has remained off 
for a short time and then suddenly been switched on again. 
Even with voltage drops of very short duration, relays with 



FkJ. 1SI{. (</) PlU)TL<ni\J' C'ONMX’TION 
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Fi(. 184. Cl RREN1 Path on 
FaILI RE OF THE 60' PRO- 
TECTIVE Connection with a 
Shout Cnu i it on the High 
Voltage Side KS 


a Transformer A/A connected. 

b Current transformer. 

c Protective apparatus (relay). 


this type of operation may switch out the motor when this is 
neither desirable nor necessary. Where siu*h interruptions are 
likely to be particularly harmful, either a time delay device 
should be incorporated in the no-volt release or the tripping 
voltage of the solenoids should be set lower. It can be seen from 
these considerations that the no-volt release can only be used 
for a few protective ])urposes, principally only for direct release 
of a switch w hen the supply voltage is interrupted. The no-volt 
i^lease is in principle not suitable for a large group of switches 
when it has to be (‘arried out with the assistance of the supply 
voltage. Its ai)plication for zero voltage release purposes is 
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then unsatisfactory, since with it all the switches are tripped, 
many unnecessarily due to the decrease in the supply voltage 
itself, instead of being released singly where required by the 
relay. No-volt release for the relays is only really satisfactory 
when the whole syste»n is supplied I’roni an independent 
auxiliary current source which remains unaffected by the 
failure of the supply voltage. Only those switches which are 
affected by the relays concerned are then tripped. 

Tn machines which remain excited during starting for 
example, synchronous machines— the terminal voltage falls 
proportional to the frequency. The inductance of a magnet 
decreases in proportion to the decreasing frequency and on 
this account, in s})itc of the decrease in voltage, the coil current 
remains approximately constant. The inagncd remains attrac- 
ted during the starting and only drops shortly before the 
machine is at a standstill. This behaviour ot the magnet can 
be avoided by connecting a non-induct ivf^ resistance to the 
magnet coil. 

(ii) Load Cdkrlvt System ekom Si im’ly Vof.txge. This 
release system as in 2 (a) has in ])rinciple 1 he same disadvantages 
as the zero-voltage release. Tlie opc^ration of a switch at will 
is impossible with failing supply voltage. The system is thus 
useless in the case of short circuits, where the supply voltage 
collapses. 

(iii) Load CruHENT System SrrpLir.D from Separate 
V oDTAGE Source. The most reliable t > [)e of release is provided 
by using an auxiliary current source and the most de])endable 
current source is ‘ui accumulator, which in })ractice is equipped 
with an automatic charging set in order that it shall alw ays be 
ready for \ ih <\ 

The next best release as regards reliability of operation is 
tripping by means of current transformers. In this case the 
supply current is used directly for the release. This arrangement 
has advantages over 2 (b) in tluit it is much cheaper but has 
nevertheless a very high degree of safety which increases as 
the su]> j .1y current increases in strength . The higher the current 
at the instant of failure, the more is the redeasing magnet 
excited and its releasing powder increased. Only the minimum 
releasing current sets a limit which condition, however, seldom 
arises, since this limit lies below" the tripping value of the relay 
which operates the release. For switching processes to be 
undertaken at w ill, tliis type of release is obviously not suitable. 
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If this release process fails, almost the only cause is the insuffi- 
cient load capacity of the relay contacts. (See Fig. 185.) With 
very high short-circuit currents there is excessive loading on 
these contacts, so that they either fuse or fail to break the arc. 


Supply 



Fig. 185. Switch 'I’hiiting hy Mk^ns of a Cchkknt 'rRAssFORMKR 

i\ (’urn nt tTaiixfoiiiK r r H< Ica^e inamirt. 

h Frotci t i\c H (It t ho svMtt h r/ d Mam 'switch 

To obtain complete safely willi this protective device the 
releuvse maf^net should not be supplied from an ordinary current 
transformer, but from an auxiliary current transformer. This 
should be so designed that it limits the rise in the secondary 
current to a value suitalile for the contacts. 



CHAPTER XXX\ ] 

RULES FOR WORKIJKG ON ELECTRICAL INSTALLATIONS 

The first point to be kept in mind is tliat no work sliould ever 
be done on any live part, however low tbe voltage concerned. 
If the person in conta(‘t with the live part is near rotating 
machines or other live parts, an involuntary movement may 
be made as a result of the stimidatioji ol the nerves by the 
low voltage, and the operator may make contact with more 
dangerous parts. The result is generally an accident either 
directly or indirectly due to electricity. 

The parts whicli may be touched should, after being isolated 
from the sup})ly, always be earthed. Tlic operator may also 
protect himself against the possibilit v ofcurnuit being switched 
on from another source as a result of operations either wrongly 
carried out or else not jiropeiiy understood, by fixing a per- 
manent metallic short-circuit connection a(TOSh all jdiases. 
This piece of metal should then be solidly coniuaded with a 
good earthing coiidiudor. Tliere are to-day various special 
auxiliary devices w hich permit these safety measures to be 
carried out without touching live parts, an example of which 
is the earthing bai‘ used by workers on outdoor plant . Earthing 
of the working parts is urgently necessary, when one realizes 
that even after coiujilcte isolation from the su])ply of the jiart 
of the installation concerned, it still may have a static charge, 
which will be conducted to earth b\ anyone tou(*hing it. On 
those parts of an installation where unexpected switching 
from another source is a practical impossibility, it is sufficient 
to fix an earthing (‘onductor, which r(‘(piires only a few’ seconds, 
thereby avoiding any danger of electrocution. When isolating 
from the supply the parts that are to be handled, it is very often 
assumed that the \u)ltage is only coming from one side, for 
examph , when one can dispose freely of the connections of 
indiviciual generators. This, howev^er, is in certain cases 
erroneous as shown by the following example. According to the 
position of the synchronizing transformer relative to the isola- 
tors and switchgear in the main supply conductors, the con- 
ductors between isolator and switch as shown in Fig. 186 may 
carry a very dangerous voltage. When the generator is under 
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voltage and the synchronizing switch 2 closed, the generator 
voltage is transformed through the one synchronizing trans- 
former to the other transformer and thus to the main conduc- 
tors connected with it. On this account it is always important 
to take care that the synchronizing transformer is completely 
isolated on both sides. 

Accidents are also constantly occurring due to other mis- 
takes. For example, work has to be undei taken on a generator 
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cable. For some reason it is not possil)le to shut down the 
generator, and in any case there is no isolator available. The 
workman wTongly concludes that he can safely proceed with 
the machine com[)letely unexcited. The residual voltage, 
however, may be sufficiently high to be dangerous. Such a 
condition may be particularly risky when a transformer is 
connected with the generator, and work is to be done on the 
high voltage side. When cables are isolated it should not be 
forgotten that dangerous voltages may arise by electromagnetic 
induction from other live conductors, w hen the isolated parts 
are not short-circuited and earthed. 
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CHAPTER XXX VI I 

MATERIALS USED IN CONSTRUCTION 
1. Failures due to Mechanical Stresses. After the preHsing and 

drawing of metals and alloys eertain stresses remain in them, 
varying according to how much treatment lias been ai)j)lied. 
These stresses may afterwards have serious elfeets when the 



Kxji.i.itki. rv thk Rembf 

Method. Left : ('oolbk Ti be aeteh Heat 'rKKATMENT to 
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metal is in serviee. Several interesting phenomena associated 
wi„h th’ > type of failure are illustrated below bv (examples 
( a ) Stress Cracks in Cooler Tubes. When tubes are 
drawn the outer layers of the tube walls are f, idled with greater 

£ themTf *tccount, stresses exist 

£e£?e be ! P^«Perl.y heat treated 

beiore being put into service. 
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In Fig. 187 a on the right-hand side is shown a cooler tube 
from wliicli strips have been relieved to show the internal 
stresses. The piece of tubing on the left is taken from the same 
tube as before but has had heat treatment l)efore being cut. 
It is clear that tlie internal stresses have been completely 
removed by this treatment. With this ‘‘relieving” method, 



Kio. 1S7m. Rkli:vsin(j of STKi:‘<sr;s in (’oolkk Ti rt:«; hy Thkatment 
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it is also possible to obtain information as to the amount of 
stress. 

The stresses remaining in the material may often be very 
near the permissible limit, in which case with long spans, or 
due to minor external causes such as slight (‘orrosion, abrasion 
and the like, longitudinal cracks may suddenly a]:)pear in the 
tubes. Coolers may also exhibit such (*racks in service quite 
suddenly, since the temperature diiferen(*es in oil and air 
coolers in themselves })roduce sutti(*ient additional stresses. In 
Pig. 187 b a further example is given to show the ]K)Ssible extent 
of the damage. The bare clean pieces of tubing w^ere put into 
a weak mercury salt solution, and rapidly took the form showm. 
This latter test has proved very effective for the detection of 
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such stresses. It is equally applicable to more or less confined 
stresses of the type producing star-shaped cracks. 

(6) Solder Brittleness or Solder Fracture. A phe- 
nomenon known as wider brittlenesa or wider fracture, which 
occurs with the mercury test when it is applied to hard drawn 
brass tubes, should be mentioned here. This may cause con- 



Fic,. ISS. SoLuim 13K1TTLJLN1.SS Tn<jkkss ot Eli id Solder into 
Solid Mctai 

'riu lURitbs hiib taken place fiom Hit left hand bide 

siderable damage, it has often been shown that a metal or 
alloy with internal inechanir'al stresses will become brittle or 
disintegrate on being brought into contact wdth any fluid 
metal. This phenomenon has l>ecn noticed in the course of 
mercury solution tests, in which the mercury plays the part of 
the fluid metal. If the material is brought into contact with 
liquid solder, the same thing occurs. The metal works its way 
in the smallest interstices of the solid material and so causes 
the crack. It can be clearly seen in Fig. 188 how the solder 
has filled the interstice on the left and damaged the material. 
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To complete this survey, an actual example is included which 
occurred in a workshop, which will demonstrate the practical 
eflfects of this phenomenon. On a rotating field a cast bronze 
short-circuiting ring was hard-soldered to brass bars. This 
soldering was done with silver solder, and after a few bars had 



Kio. SiiuHi-t iiu i IT FuAtii Ri.i) Di h rt) Solder 
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(a) Coni'io tfi.iiiud, Inutiiu* tuusod b\ of solder 

(b) Adiacciit pla( e onh p.irtl\ Li.u tuied In the lower half of the left section 

(c) Phvee ne.ii (b) nornwil ^luMr li.Rtuic without iiijiress ot solder. 

been joined, a fracture appeared in tlie bronze ring. The surface 
of the fracture was extremely coarse and the fracture itself a 
pronounced fissure as showm in Fig. 189. This fracture occurred 
due to the fact that the places already soldered contracted 
with the brass bars, wliile the bars still being soldered expanded, 
which led to severe bending stresses. The applied liquid solder 
then caused solder brittleness in the parts under stress. In 
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Fig. 189 Sbxe shown three different places on the casting near 
the site of fracture. Fig. 189 (a), as already stated, is the 
fracture itself. At a p.hu*e near the fracture there is only partial 
deterioration due to the solder and an associated intercrystalline 
fracture. (See Fig. isQ (6), left corner.) A deliberate cold 
fracture of the ])arts not yet damaged sliowed a fine shear 
fracture as can be seen in the upper part of the arm in lig. 
189 (b). That the difference in the fractures cannot be traced 
to the original structure can be seen from the right arm, where 
precisely the same construction as in Fig. 1S9 (c) is observable 
after suitable etching In Fig. 189 (c) an additional ])lace is 
shown which is somewhat farther avay troin the site of the 
solder fracture. On tlie left arm can be seen a line-grained cold 
fracture, and on the right the normal structure. 

Care must ah\ays be taken during manufacdure to ensure 
that metallic parts to be solclc'red are not brought into contact 
with liquid solder while und(M* tension and heated during the 
soldering itself so as to result m unequal lieat distribution and 
stresses. Unfortunately solder tiacturc lias up till now received 
far too little attention. 

(c) Reckystallization. If metals or alloys which are cold- 
worked to a certain degree aie then heatcnl for some time, a 
coarsening of the stru(*ture o(*curs wdiich is called recrystal- 
lization. The maximum degree of recr\ stallization is rea(*hed 
when the original stress in the material has been removed to a 
certain extent, and is also dependent on the temperature. 
There is thus a fixed relationshif) betwecai recrystallization 
temperature and degrees of stress. In coimec*tion with recrystal- 
lization, very brittle fractures often arise in the recrystallized 
zone. 

The following is a practical example of this. With certain 
fan supports on motors brittle fractures often appeared at 
places for which there was no apparent reason. A microscopic 
examination showed tliat recrystallization was the cause of the 
phenomenon. In Fig 190 such a jilace is shown. The broken 
support^ were cold bent before assembly and afterwards welded. 
M the bent places the conditions w^ere conducive to recrystal- 
Uzation, whi'^’h actually occurred when the heating took place 
during the welding. The start of this can be clearly seen in 
Fig. 190. From the illustration the cone-shaped compression 
and tension areas caused by bending the bar can also be ob- 
served. These phenomena can be prevented by careful heating 
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at high temperatures which must be above the recrystallization 
temperature, i.e. about 900“ i\ 

2. Fatigue Fractures. It often [ia])pens that shafts or other 
machine parts wlii(‘h are continually exposed to alternating 
stresses suddenly break, although 
their steady breaking capacity 
is not nearly reached. This 
phenomenon generally occurs 
where a material undergoes 
alternating stresses between two 
limiting values, wdiich exceed a 
certain amount, such as the 
steady or working capacity. 

After a certain number of load 
alternations, wdiich dejiends on 
the extent to which the normal 
load is exceeded, the fracture 
occurs due to fatigue. Tlie ju’o- 
cess leading to fatigue fracture 
may begin long before tliere are 
external signs, and without any 
obvious (‘hange at the plac^e 
in question. The fatigue crack 
begins with a small fissure. 

Between the start of the fracture 
and the final break which leads 
to damage a long interval may 
occur. If in the interim the 
forces cMusing the overstress be- 
come less, the formation of the 
fracture is arrested. As soon, 
however, as the forces increase 
again, the fracture wdll progress 
further. 

The appt‘a ranee of a fatigue 
fracture surface is very charac- 
teristic. It is not in the least 

deformed, and exhibits in most cases a fine-grained structure. 
The disintegration at the surface of the fracture \isually pro- 
ceeds in various stages, through which the form of tne fracture 
lines corresponding to the stress can be observed on the surface 
of the fracture. In the last phase of the damage, the so-called 
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ultimate fracture occurs, which may be clearly distinguished as 
regards appearance from the remaining fracture surface. Its 
surface is much more coarse grained. 1'he last part of the 
material, which can no longer carry the stresses, suddenly 
fails, and consequently ^he break apj)ears. In Fig. 191 is shown 
a fatigue break surface, in which on the left-hand side different 
fracture zones may be noticed. Fig. 192 sliows the condition 
of the fracture surface very well. The darker coarse-grained 
part is the ultimate fracture. 

The fracture is, as already stated, started by very small hair 
cracks which may be caused, for example, by machining. Such 
a hair crack operates like a notch. At the base of such notches 
a concentration of the stress distribution over the cross-section 
occurs with an increase of stress at the bast' of the notch, 
which may be enormous according to its sharj)ness. At this 
place the fatigue fracture begin'-, a fissurt' occurs, and this 
operates in the notch so that the separation proceeds over the 
whole cross-section. Eveti scratching vitli a steel scriber is 
sufficient to lediue the capacity •‘>9 jier cent or more. Fig. 
193 shows the fatigue fracture of a motor shaft. The typical 
fracture features (*an be seen. The notch effect v\as in this case 
caused by a too sharpl} turned oil throw (‘i*. Sharp-edged 
cross-section variations also have the ellect of a notch. If one 
wishes to prevent fatigue fractures with alternately stressed 
constructional jiarts, care must be taken that no sharp shoulders 
or grooves occur and that no sharp-edged cross-section varia- 
tions are introducerl in the jiarts of the machine concerned. 

3. Bearing Metals. Beai ing metals are usually chosen in prac- 
tice from tw^o groups of alloys, w lute metals and bearing bronzes. 

( a ) White Metal According to the o])erating conditions, 
white metal may be variously alloyed. In Table 1 below are 
collected the most commonly used standard alloys. In alloys 
containing much tin, the good properties of tin as regards sol- 
dering should be utilized. This metal diffuses well over the 
surface of the bearing shell and thus produces a good joint. To 
increasf this process the bearing shells should be tinned before 
filling V ith bearing metal, and to achieve a thorough tinning of 
tlie shell a suitable soldering flux must be employed. A compo- 
sition to be recommended is as follows : 40 per cent of zinc 
chloride, 1*4 per cent sal ammoniac, 0*85 per cent coarse salt and 
57*75 per cent water . Further good properties of tin as a constit- 
uent of bearing metal are that it has a high heat capacity, and 
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during the cooling heats the shell in which the bearing metal is 
finally to be poured. On cooling the shell contracts, and holds 
the bearing metal more firmly. As a result of its good heat con- 
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ducting (‘apacity the tin alM) conducts away tlie frudional heat. 
To increase the hardness additional metals ma\ be alloyed 
with it. 
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Reproduction of these and the following standard specifica- 
tions (pages 340 and 343) is with the approval of the Grerman 
Standards Board. 

By alloying the different metals as in Table I stable alloy 
structures are produced in the finished metal. Fig. 194 shows 
a photomicrograph in which the single elements can be easily 
seen. The alloy is WM.80 in the table. The more or less well- 
formed particles of the antimony and tin crystals can be clearly 



Fj(. n)l Whim MiialAAMSO 
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distinguished embedded in a basic mixture rich in tin (black in 
the illustration). Near tliese can be seen the smaller scattered 
mixed crvstals whicli in })laces slKn\ a needle formation. The 
latter can be e\cn lietler seen in Fig. 195. Tliis needle crystal 
portion has a consolidating effect on the basic material. The 
photograj)hs .show clearly that due to the different tempera- 
tures of solidification of the individual constituents the whole 
mass is not uniformlj solidified, but that various combinations 
of the constituents predominate according to the degree of 
heating on melting and to the speed of tlie subsequent cooling. 
Mixtures may also occur in the more or less fluid basic mass 
due to the separation of single mixed crystals. The hard 
constituents wliich obviously form the bearing element in 
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white metals should not only be of a certain size but as far as 
possible evenly distributed over the bearing surface. Thus 
when melting white metals care shouJd be taken that only very 
small admixtures occur. With bearing metals of high lead 
content, this may cause very unfortunate results, since the 
lead-containing grouy) solidifies last. As can be seen from 
Table I, these alloys also contain very little copper, which 
prevents the formation of the (‘opiier-containing crystals which 



Fig 195 WhiusMijai W M 81) milrSiow (’oolini. 
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white Lonstitm lit- iie mixed (r\stals oi loppu, tin and iriliinoiiv Black 
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have a sui)porting effect. WJiite metals are on this aecount 
only suitable for very low suiface picssurcs. 

The size of the hard jjartieles Is as important as their equal 
distribution, since this affects the iiummg properties of the 
bearing. At the half fluid friction stage, that is. when film 
formation by the lubricant is taking place, the oil film forms 
more qiuckly when the crystaK are large than when there are 
many .-•nail crystals. It can be assumed that when the bearing 
metal IS coarse grained, its life is appreciably longer than when 
it is fine grained. The &tructurt> also affects the film-forming 
capacity A coarse grain is obtained by high melting tempera- 
tures and slow solidification with a heated inould.^ It is not 
advisable, however, to make the grain too coarse, since it is 
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then liable to ba^ brittle and exhibit unsuitable mecha^nical 
properties. 

These considerations serve to show that for practical purposes 
the structure of a white bearing metal is much more important 
than its actual constituents. This, however, is only true 
within certain limits and one cannot compare, for example, 
bearing metal of high tin content with bearing metal of high 
lead content under any given conditions without taking other 
factors into consideration. 

For some time attempts have been made to improve bearing 
metals of low tin content by certain hardening additions, 
keeping in mind the above requirements. Nowadays, it is 
found satisfactory to add metals with a high melting point 
to wdiite metals of high lead content for hardening purposes, 
and nickel is one of the most suitable. The additional metal 
should naturally only be added in very small quantities, as 
otherwise the upper melting point of the alloy would be raised 
too much, which in turn would necessitate too high a tempera- 
ture for melting the alloy so that individual components 
would be burnt. 

When melting wdiite metals, care should be taken to avoid 
too high a temperature of the metal bath. Ex(*essive oxidiza- 
tion can be 2 )revciited by cleaning tlie bath with charcoal. 
There should be a certain relationshiy> between bearing shell 
and molten metal teni])eratures, according to the construction 
and the thickness of the layer, in order to obtain the best 
running qualities in service. No general rules can be given for 
this. 

(b) Bp:arixg Bronzk and Gt"n-metal. Gun-metals and 
bronzes used as bearing metals may be of very different com- 
position. In Table II are given the most important alloys 
standardized in German Standards Specification DIN. 1705/1. 
In addition, other special alloys are used in practice. 

With these bearing metals also, the composition and melting 
and solidifying conditions affect the arrangement of certain 
components. With wdiitc metals the solidified metal tended to 
become more heterogeneous and the hard bearing constituent 
W’^as embedded in a soft basic mass. In Fig. 196 is shown a 
fern-like formation, which may occur in certain bearing 
bronzes. The crests which can be seen are in this case also 
harder than the basic mass. The running-in of a bearing of 
this material consists in the grinding off of the harder raised 
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n Chapter WWJH the relationship between the beannir 
metal and the viscosity of the lubricant will be briefly dis^ 
cussed with refeience to the latest theoretical considSns 
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In spite of the heterogeneous structure of the bearing metal, 
the bearing qualities may still be poor due to careless cold 
working, possibly even tearing, which produces an effect as 
in Fig. 198. The metal in this case is a lead-tin bronze of the 
composition Bl.Bz.lO. It was damaged before being put into 
service and tlie soft constituents on the surface torn and after- 
wards smoothed over. This, however, did not make the 



Fio 19S JiRON/i. vMiii V Fi.u\-likl SrHicriKh, in which 

Tur SiHiALi. Is l)\M\i,j:n m hhs<. Tokn 

running surface siifHciently homogeneous and its properties 
were on that account very poor. It became pitted after quite 
a short time in service. 

Another interesting case is shown in Fig. 199. In this 
instance, the bearing metal again has a fern-like structure in 
the basic material. On the running surface, however, there 
appears to be a layer containing lead. It must be assumed that 
due to overheating of the bearing as a result of the bi'eakdown 
of the oil film for reasons that cannot be determined, the alloy 
has disintegrated and an easily melted portion has separated. 
The bronze contained a comparatively large amount of lead 
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and exhibited bad running characteristics. Since the inter- 
actions between bearing metal and lubricant are not yet lully 
understood, it is sometimes very difficult to determine the cause 

of these troubles. . 

When melting or casting this group of bearing metals, similar 
considerations apply as for white metals. The metal bath 
should not be overheated, and oxidization should be jirevented. 



Fu. 199 Hkonzj. wiiu Fern like Bvsk Stkicti he 
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If insufficient care is taken as regards oxidization, stannic acid 
is often found in the metal uliich may hav^e a ver\ bad effect. 
The expansion coefficients of the bearing shell and of the bearing 
metal should also be considered carefully. The differences 
b^tweeL these two coefficients may be so large that the bearing 
seizes up and causes damage. 

4. Solder and Soldering Processes. Metallic parts can be 
connected to one another by introducing between them a further 
metal or alloy in the liquid state, and allowing it to solidify. 
The process of connection consists of diffusion. The fluid metal 
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(solder) diffuses into the surfaces to be joined, and suitable 
solder should be chosen having regard to the demands likely 
to be made on such a joint. According to the new German 
Standard nomenclature, there are three different classes of 
solder- -tin solder, silver solder, and hard solder. These different 
groups are distinguished not only by their composition but 
by their melting point.* There is a fairly general impression 
that the melting point is of greatest importance as regards the 
stability of the soldered joint. It vill be shown later that this 
is not the case. 

Tables III, IV, and V sho^w the different alloys standardized 
in Germany to-dav 
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Fig. 200a shows the typical eutectic structure of a so-(‘alled 
tin solder with about 35 per cent lead, magnified 100 times, 
and Fig. 200b shows it magnified 1 000 times. 


Fig. 200a. Eltectic Structcuf 
OF A Tin Solder 

Evenly tine grained soldei 



Fig. 200r. Samj: Solder as in 
F i(.. 200a Ma(.nified more 
Strongly 



111 Figs. 201a and 201b a eutectic silver solder is shown 
magnified 50 and 500 times. 

The diffusion process may take place in various ways 
according to the type of soldered materials and the solder used. 
The three most important types distinguished in this way are — 
1. Solder and soldered materials form mixed crystals. An 
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example of this is the hard soldering of copper with brass 
spelter. The diffusion may proceed so far that the solder no 
longer makes a connection but new alloys form. Such soldered 
joints are naturally very sound mechanically and in addition, 
resistant to corrosion due to the mixed crystal formation. 
The alloy may exhibit quite different characteristics mechani- 
cally from the solder itself, so that it is not possible to express 
an opinion on the joint, based on the meclianical strength of 
the solder. 

The same applies to the melting point. The mixed crystals 
which form may have a diflerent melting point from that of 
the solder, so that the melting })oint ot the solder is not that 
of the joint. 

2. Solder and soldered materials form an intermediate type 
of crystal as, for example, in the soft soldering of co])per with 
tin solder. Here also there A\ill ])robably be a union between 
solder and soldered material. These joints are not nearly as 
good as those in Group T. 

3. The solder will only dissohe the soldered 'material when it 
is in a molten condition. The alloy thus formed reverts to its 
original constituents on cooling. An exanqde of this is the 
soldering of zinc ^\ith tin solder. The alloy formed may be 
eutectic which is an advantage, since the low melting point of 
the eutectic facilitates the diffusion of the solder into the 
soldered material. Good mechanical joints can be made in 
this manner. Since, however, different metals o(*cur near to 
one another at the soldei’ed place, local electrical action may 
occur and the soldered place is subject to corrosion. These 
joints are not so good as those in the first category as regards 
corrosion. 

If, when soldering, the diffusion does not proceed far enough 
on account of the particular soldering proc(\ss, the joint may 
still be improved by subsequent heat treatment to increase 
the diffusion. When a joint of high mechanical strength is 
required, such a subsecpient heat treatment is alwuiys advisable. 

Jt ha^ already been mentioned that too much reliance has 
been placed upon the melting point as a means of judging the 
correct solder for use in any particular application. Owing to 
the formation of mixed crystals and of eutectic mixtures 
between the solder and the soldered material, alloys are 
produced which behave quite differently from the solder as 
regards temperature. This difference is even more marked when 
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the joint is subjected to long periods of overheating in service. 
According to the type of union, the soldered joints may soften 
quite differently, and finally even flow, under continuous load. 
In such cases, no conclusions can be drawn from the melting 
point of the solder. It has often been shown that the heat 
caused by continuous stresses may cause solders with high 
melting points to flow at much lower temperatures than solders 
with low melting points. Under such conditions, the continuous 
capacity of the joints concerned should be investigated before 
they are used on machines or apparatus. 

A layer of oxide may form on the soldered piece as well as 
on the fluid solder during soldering. To improve the joint, 
certain materials should be used which either melt and cover 
up the metallic* parts and so keej) out the air, or else exert a 
reducing effect on the oxide. The (*omposition of these materials 
is dependent on the soldering temperature. For soft soldering 
powdered resin and pieces of sal ammoniac are generally used. 
Very often chloride of zinc is used with sal ammoniac. “Solder- 
ing flux” also contains the same constituents but dissolved in 
water. When in tlie form of soldering pastes these materials 
are mixed with some bonding powder or with grease. Borax 
powder is chiefly used for hard soldering. Various borax salts 
can also be used, for example, soldering powder containing 
boracic acid or '‘metaborate.” 

Care should always be taken, when soldering parts of elec- 
trical machines and apparatus, that none of the soldering 
material comes into contact Avith the insulation, which might 
either be directly damaged by it, or else absorb the salts and 
so become saturated with electrolytes wdiich, being hygroscopic, 
are good conductors. Lack of care in this respect is a much too 
frequent cause of trouble. 

Care should also be taken to ascertain that the metallic 
parts to be joined are not stressed, since the fluid solder may 
make the soldered part brittle, as described in para. 1 above. 

5. Gk)rrosion in Cooler Tubes. The tubes used in oil and air 
coolers for transformers and generators are made almost exclu- 
sively of brass. As a rule two alloys are used for this purpose 
with the following composition: 70 per cent copper, 29 per 
cent zinc, 1 per cent tin ; 63 per cent copper, 37 per cent zinc. 
It may happen that for various reasons the tubes are attacked 
in a relatively short time by corrosion. 

The corrosion of brass tubes is associated with their crystal 
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structure, with the heat treatment during manufacture, and 
with certain working conditions. It has often been asserted 
recently that the first alloy is non-corrosive, and that it should 
therefore be standardized. It must be emphasized that this 
assertion does not agree with the facts. The structure of such 
tubes consists of a-mixed crystals as 
illustrated in Fig 202. If now at any ' “ ■ 

place on the tube due to insufficient heat - / 

treatment certain mixed crystals are * 

only incompletely recrystallized, and ■ 

certain internal stresses appear in con- 
nection with them, then a potential 
difference immediately arises at this 
place which leads to damage of an elec- / 

trochemical tyj)e on the introduction of 
a suitable electrolytic fluid. (Obviously > 

such local effects may also arise in other 
ways.) When the right conditions occur, ^ 

copper and zinc ions of tlic base struc- 
tural components go into solution, and V / 

the copper is immediately released. This 
causes the phenomenon kno\\n R^dezinci- 
jication, which can be seen in Fig. 203 . 

on the right of the illustration. The 
“copper plug,” owing to the vay it is 
formed, is very porous and in time it 
weakens, and may be washed away by 
the flowing liquid, and cause marked 
local corrosion as illustrated in Fig, 204, 
such that finally actual holes form. The 
phenomenon is associated wdth certain 
places in the tube, and is called selective , , ,, 

corrosion. It is often very difficult to a Coolkh Ti be 

determine its precise cause. paitiaibnMknii! 

The second alloy, consisting of 63 per 
cent copper and 37 per cent zinc, is 
associated with that part of the copper-zinc diagram in 
which, with incorrect heat treatment, a- and /S-mixed crystals 
may occur together. In Fig. 205 such a mixed structure 
is shown. The light portions are the a-mixed crystals and 
the dark ones the /3-mixed crystals. The (f -mixed structure in 
^ this range only occurs under specially bad conditions. It is 



350 FAULTS AHD FAILURES IN ELECTRICAL FLANT 


classed as a transition structure and is therefore very unstable. 
There is in this case an appreciable base potential from the 
a-constituent, which forms a local element in the presence of an 
electrolytic fluid. The process already described above occurs 
fir st on the surface. The ^-component loses its zinc and its 
place is taken by a porous copper plug. In this way the trouble 
may spread farther and farther towards the inside of the tube, 
until there finally remains only a sieve consisting of a-particles. 
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This condition is shown in Fig. 200. From this photomicro- 
graph it can be seen that instead of the bhi(‘k //-components 
there are small copper plugs. We are therefore dealing in this 
case with general dezincification, and it is obvious that the tube 
has lost all mechanical strength as a result of the sieve formation. 

In addition to this process the selective corrosion first 
des'^Tibed may be occurring simultaneously, leading to the 
formatifiii of large local copper plugs. Such a case is shown 
in Fig. 207 on the right-hand side. 

Lack of knowledge of these facts has led to the belief that 
the alloy 63 per cent copper, 37 per cent zinc is not so reliable, 
since it has a tendency to lose its zinc. It should be empha- 
sized here that this does not agree with the facts. With proper 
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heat treatment, it is possible to give this alloy a good structure, 
not having these properties, and behaving precisely the same 
as the first alloy containing tin. The user of these tubes should 
therefore, for his own protection, allow an expert to make a 
number of tests before they are assembled. Selective corrosion, 
which under different conditions may be started solely by 
local electrolytic action, cannot be prevented by these measures. 
It may be that the cooling water itself is causing the corrosion, 
due to its composition. There is also tlie possii)ility that the 
reaction between certain constituents of the water and the 
metal may form secondary reaction products having a pro- 
tective effect on the tube surface. Occasionally, however, even 
these products accelerate the corrosion. For these reasons it 
is always very difficult to explain corrosion phenomena, even 
when the conditions are such as to be likely to lead to corrosion. 
If the flow of water in the tube is made turbulent due to the 
deposition of scale, additional erosion effects may occur, which 
obliterate the signs of the corrosion. 

Corrosion of anoliier kind may occur in the case of liquid 
starters. (See Chapter XXVIJI, para. 3.) This is usually in 
connection with the rusting of steel parts due to insufficient 
protection. Sin(*e soda is generally used in licpiid starters, 
adequate protection can only be given by ap] flying a coating 
of some material which resists alkalis. If chloride is present 
in solution, electrolysis is greatly accelerated, so that care 
should be taken to ensure that the soda as well as the water 
contains the least possible amount of chloride. 

Light-weight me tals have become more and more popular 
recently in the construction of electrical machines and appar- 
atus. It is now common knowledge that the contact of alu- 
minium and similar light metals with steel, particularly in open 
air plant, may result in marked corrosion. If the light-weight 
metal is covered with a protective layer, the steel parts con- 
nected to it may be endangered by this layer. One method 
which has been found very satisfactory in practice, for giving 
a sound metallic connection, is to place a piece of cadmium 
leal betv/een the light-weight metal and the steel. 

Stray currents or bearing currents may also bring about 
corrosion. These can be cured and the danger averted by quite 
simple methods, generally by suitable insulation. (See Chapter 
VII, para. 2.) 

6, Sc&le Formation in Cooler Tubes. In all cooling systems 
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in which water is used as a cooling medium, there are deposi- 
tions of more or less soluble salts which form what is generally 
known as scale. This scale prevents the transfer of heat and 
in some circumstances may be highly dangerous. Up till now 
it has been erroneously believed that scale consisted of separ- 
ated calcium carbonate (chalk). Recent experiments have 
shown, however, that boiler scale is not one uniform product 
but may contain different salts. The gypsum content of the 
water is an important factor, and the principal constituents 
of the scale arc undoubtedly gypsum and chalk, but in addition 
there may be present silica, magnesium, clay, iron salts, 
chlorides, and sulphates. In certain waters there are also 
considerable quantities of organic material dissolved, which 
may affect the deposit of scale. The crystallate from the cooling 
water often forms layers between the other deposits, so that 
it is obviously unwise to draw conclusions as to the composition 
of the scale based on analysis of the water. 

Certain relationships, however, can be established if instead 
of the usual data of the w^ater analysis, quotients are used, for 
exani])le- - 

Fcyr the water. 

Gypsum hardness 

7. — , - ^ , hardness quotient. 

Carbonate hardness ^ 

Si02 

CaO 

MgO 

CaO 

For scale. 

CaO (contained in CaS04) 

7 rvw“ I 1 “71 TSTTv "" hardness quoteint. 

CaO (contained in CaCOg) ' 

-= silica quotient. 

~ magnesia quotient. 

Since these quotients are pure comparative numbers, both for 
^the water and the deposit, they can be compared with one 


SiO^ 

CaO 

MgO 

CaO 


=- silica quotient. 

= magnesia quotient. 
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another. When considered in the reciprocal relation they give 
a clear picture of the scale, and allow certain conclusions to be 
drawn as to its components. 

The heat conducting capacity, and therefore the heat transfer 
of different kinds of scale, varies with the composition and 
thickness. A stony deposit consisting of gypsum has the best 
heat conducting capacity. Pure chalk scale, with about the 
same thickness as gypsum, has a heat conducting capacity not 
nearly so good. Deposits containing silica are the least desir- 
able in this respect. They have approximately the same heat 
insulating effect as a layer containing chalk or gypsum twenty 
or thirty times as thick. 

These scaly deposits in the cooling system (see Chapter 
XXII, para. 3) should be periodically removed with hydro- 
chloric acid. The acid should not, however, be allowed to remain 
too long in the tubes or it may (‘orrodc them. After removing 
the acid it is advisable to neutralize any residue with alkali, 
although thorough washing out with water will probably serve 
the purpose. 

The cooler tubes may also be stopped up with eroded matter 
as well as with scale. As long as deposits of this kmd are not 
jammed together, it is generally possible to clean the tube by 
reversing the flow of water in it. 

The cooling water may produce certain corrosive effects as 
well as scale, which are briefly described in para. 5 above. 

In oil coolers a part of the sludge formed by the deterioration 
of the oil in service occasionally settles on to the cooler tubes. 
Sometimes this external deposit may be of such a form as to 
affect the heat transfer very adversely. A layer of sludge has 
just as bad an effect as a layer of boiler scale five times as thick. 
Further information regarding the decomposition products of 
oil is given in Chapter XXXVIII, para. 1, and Chapter XXXIX, 
para. 5. 



CHAPTER XXXVIII 

LXJBBIGANTS 

1. Lubricating Oils. Mineral oils are generally used to-day for 
the lubrication of electrical machines. They are usually mix- 
tures of hydrocarbons freed from hard portions by distillation 
and subsequent refining, and of different degrees of viscosity 
according to the use to which they are to be put. Formerly, 
the study and choice of a lubricant, based on the hydrodynamic 
theory, was only concerned with finding an oil of suitable vis- 
cosity. Exhaustive study of the lubricating process has now 
led to the conclusion that other properties should be taken 
into consideration when judging the lubricating capacity. The 
latest ideas on boundary surface phenomena and X-ray 
examination have been api)lied to determine the structure of 
the oil film, and it has been shown that certain reciprocal 
chemical reactions actually occur between the lubricant and 
the bearing metal. If the best lubrication is to be attained, 
these two elements must be suited to one another. (See 
Chapter XXXVll, para. 3, “Bearing Metals.”) The molecular 
process plays a large part in the period of “half dry” friction 
on starting up and slowing down, and the hydrodynamic laws 
no longer apply to the lubricating film. A lubricant should 
therefore be of high film-forming capacity, so that the period 
of half-dry friction is as short as possible. The oil film should 
be enduring, and not easily broken once it is formed. 

Although there are numerous lubricants on the market, 
only the following two groups of mineral oils can be considered 
suitable for electrical machines (excepting steam turbine 
equipments). 

1. For machine bearings in which 

kg. m ^ , 

P X ^^ < 50 % . , Group I IS suitable. 

cm.“ sec. ^ 

2. For machine bearings in which 

PXv > 50 , Group II is suitable, 

cm. 2 sec. ^ 

Were P == Projected bearing pressure ; v = Journal speed. 
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PROPERTIKS OP Oll^ IN CtROUP I 


Kind of oil . 

Specific gravity at 20° C. 

Flash point in an open crucible 

Solidification point 

Content of mineral acid . 
Viscosity at 20° C. 

Viscosity at 50° C. 

Asphalt content 
Fatty oil content . 

Ash content .... 


I’ROPERTIES OF 

Specific gravity at 20° C. 

Flush point in an oih'ii crucible 

Solidification point 

Content of mineral acid . 

Viscosity at 20° C. 

Viscosity at 50° C. 

Viscosity at 80° C. 

Asphalt content 
Fatty oil content . 

Ash content .... 


Refined 

Not over 0*94 (not specially important) 
Not under 150° C. 

I Not over 0° C. for indoor use 
( Not over - 15 i\ for outdoor use 
0 

Not over 25‘ F. 

2-5' -3*5° E. 

0 

Normally — 0 
Maximum 0*02% 


Not over 0-95 (not specially important) 
Not under 175° C. 

Not over 0’ (L for indoor use 
Not o\er — 15° C. for outdoor use 

0 

Not over 60' E. 

6 7^ E. 

Not under 2' E. 

0 

0 

Maximum 0 02% 


Oils tn Oikrtp J1 


It oan be seen from these two summaries that the lubricant 
for bearings for open air plant, such as cranes, should be less 
sensitive to cold and have a correspondingly lower solidifi(;ation 
point. It has been suggested from various sources that fatty 
oils should be added to the mineral oils to raise their lubricating 
capacity, since they increase the film-forming characteristics. 
In this case the rules for acid content given above should be 
suitably alterc'd. These mixed oils, however, should be applied 
with care, since additions are often used which have the desired 
properties to begin with, but after a short time exhibit unsuit- 
able secondary characteristics. 

In special applications, for example, steajii turbine plant 
where the same lubricant is used for turbine and generator, 
the oil must satisfy very stringent requirements, both in regard 
to its resistance to high temperatures and in the event of entry 
of steam. It should also be unaffected by certain constituents, 
caused by the hardness of the water, which may pass into the 
steam. If at these high temperatures the oil comes into contact 
with atmospheric oxygen, it will decompose with the evolution 
of partly soluble acid products. Products of oxidation also 
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occur which are not soluble in warm oil, and which are known 
as asphalt products. The two latter are deposited in the oil 
cooler, and may reduce the efficiency of the cooling system very 
considerably, more especially as they are poor conductors of 
heat, in which case the oil is still further heated and rapidly 
deteriorates. Suitable oils for turbo sets can, therefore, only 
be chosen within certain narrow limits. The Brown Boveri 
Co.’s standards for turbine lubricants are set out below. Further 
recommendations are contained in RnJes for Judging Lubri- 
cants sot up by the Swiss Association foi* testing materials 
(SVMT.17). 

Pkopkrtiks of Turbine Lobricanj’ 


Kind of oil . 

Specific gravity at 20' C. 

Flash point in an ope*n crucible 
Solidification point 


Viscosity at 20" 
Viscosity at 50" 
Viscosity at 80*^ 
Mineral acid content 
Fatty oil content . 
Ash content . 


Refined 

Not over 0*04 (not specially important) 
Not under 105" C\ 

Not over — 5" C. (With suitable tem- 
perature conditions higher values 
are permissible) 

Not over 30" E. 

Between 3*5 and 5-5' E. 

Nut under 1*5" F. 

0 

0 

Not over 0 01 % 


Tests for degeneration of lubricant should give — 

Saponification factor ,, ,, 2-0 

Sludge content 

Steam Jet Test. 

Emulsification in distilled water 0 cm.^ 

,, 1% soda solution 0 cm.^ 

The phenomena relerred to as degeneration of turbine oil 
may, of course, take place in the two kinds of oil mentioned 
before, although it is not very likely, as the working tempera- 
tures are so much lower. 

When lubricating oils which have not been properly refined 
are used, hard products may form and spoil the oil film, even 
at quite low temperatures. As this alteration proceeds, certain 
acid reaction products also form, which may lead to the corrosion 
of shafts. On the other hand the shaft materials will not be 
corroded with the usual operating conditions even with com- 
I paratively high acidity, as long as it is not mineral acid. Gen- 
^ erally quite different processes associated with degeneration 
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due to oxidation cause shaft corrosion. In steam turbine 
sets, there is also the danger that the lubricant wiU alter more 
quickly due to continuous contact with the metal of the cooling 
tubes. It should be remembered, however, that the temperature 
in the oil cooler is usually so low, and the speed of flow so great, 
that it very rarely has a bad influence. 

It may happen that certain oils with a special capacity for 
absorbing air become saturated with this in operation. All 
mineral oils have a comparatively large capacity for absorbing 
air. The dissolved oxygen may produce unstable products of 
oxidation, which on breaking down cause secondary corrosion 
of the rnetal, or alternatively, saturated oil-air mixtures may be 
introduced into a machine part under low pressure, so that a 
part of the dissolved air esca})es and causes cavitation phe- 
nomena. These phenomena are most likely to occur when oil 
is used for the purpose of excluding air under high pressure. 
The escape of air from the oil may also cause very undesirable 
noises, and in some conditions quantities of foam may form. 
This foam is not very depcnident on the quality of oil used, 
always provided that the properties of the oil satisfy the basic 
requirements. It is much more likely to be caused by the 
special operating conditions which allow the oil to become 
saturated, or even over-saturated, with air which later escapes. 

The acid content is no criterion of the corroding properties 
of a lubricant, since it is only concerned with the proportion 
and not the nature of the acids. Different acids, however, 
cause different degrees of corrosion. The degree of saponifica- 
tion is just as little use as a measure of the alteration of an oil, 
since the saponification factor merely shows how much material 
that can be saponified with an alkali is contained in the oil. 
Determination of the saponification has recently been carried 
out on different lines to determine clearly the degree of degen- 
eration and the amount of use still to be expected from the oil. 
Some warning is, however, advisable regarding the general 
application of this practice. There are various properties of 
great importance when deciding on the suitability of an oil for 
service, for example, emulsifying property and foam-forming 
capacity, which are closely associated with the saponification. 
According to the author’s view no opinion as to the behaviour 
in service of mineral oils can be safely based on the usual 
analytical method of testing. For this purpose technological 
methods are much more suitable. 
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2. Lubricating Greases. JFor machine parts which are 
difficult of access and for ball and roller bearings, greases are 
used for lubrication as an alternative to mineral oils. These are 
usually solutions of calcium or soda soaps in mineral oils and 
they always contain a small quantity of water. Other con- 
stituents are grease which has not been saponified, glycerine, 
free chalk and, in the case of cheaper products, loading material. 
The following table summarizes the requirements which should 
be fulfilled by a good machine grease. 


Properties r)F (tood Machine Grease 


Kind 

Melting point 
Ash content 


Acidity 


(yontont of mineral oil . 
Water content 
Content of foreign matter 

Homogeneity 

Content of colouring mattt r 


Fixed mixture of soap and mineral oils 
i Not under 75' (\ for light greases 
c Not under 65 ' C. for dark greases 
Not over 4%. At higluT ash contents the 
grease must be considered as “loaded” if 
tlie soap content is below 2,')% 

Not over 1%. C For ball and roller bearing 
J greases only pure rnin- 

I eral lubricant must be 

Not under 70 I used 
Not ov'er 4”^,. Higher with emulsion greases 
Not over 0-5®^',. No scratching or grinding 
constitiu*nts are permissible 
With a thin section between two glass plates 
no separation of constituents sliould occur 
Only greases exhibiting their natural colour 
should be used since the addition of colour- 
ing matter usually spoils the lubricating 
proj)ci*ties 


For roller bearings of the type used on tramways, greases 
with high melting points and approximating to the following 
specification should be used. 


Properties of Hum Melting-point Grease 


Kind 

Incipient melting point 
Dropping point . 

Acidity .... 
Ash content 

Water content 

Content of fixed foreign matter 
Homogeneity 


Fixed mixture of soap and mineral oils 

Not under 120^ C. 

Not under C., but this may bo lower for 
tramway motors 

Not over 1 % 

Not over 4% when the soap content is 
below 25% 

Not over 0*5% 

Not over 0-5% and containing no scratching 
or grinding materials 

On heating three times to the melting point 
and subsequently cooling, the individual 
constituents should not separate 
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If solid greases are not homogeneous, or have too great a 
proportion of calcium soap, serious troubles may occur, especi- 
sdly with ball and roller bearings. Due to the kneading effect 
in the bearing, the oil will be pressed out of the grease, and the 
soap alone remain. This, however, will no longer lubricate, 
high temperatures occur and finally the soap will oliar. The 



(a) (W 

Fia. 208. Torsional Fracti kl or the Hhah’ of a Tr4.in I.k.htino 
Dynamo, Caused Stickino oi thl Hall Blaring 

(a) Torsion fracturp siirfac c 

(b) Photomicrograph of pait ot the shaft with torn suiUce and mclublou of 
foreign matter on the iight-hand side 


balls or rollers and their cages may be severely pitted by this 
mixture. The overheating may also cause the shaft to jam 
and to be damaged by torsion effects. In Fig. 208 such a case 
is shown The machine in question was a train lighting dynamo. 
Fig. 208 (a) shows clearly the torsion fracture surface, and 
Fig. 208 (6) is a photomicrograph from which can be seen 
how great may be the displacement of the material in such 
cases. On the surface of the shaft direct folds were formed in a 
few places in which a mixture of oxides and dirt collected. 
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Such a fold is shown on the right-hand side of Fig. 208 (b) 
with its accumulated matter. The balls and cage of the hearing 
were very pitted and covered with completely charred chalk 
soap. 

When grease has to be used out of doois. for example, in 
open air switching plant, it should not co'itain any calcium 
soap, or else in the winter soap separat ion may occur and lead 
to sticking and similar troubles to those mentioned above and 
in Chapter XXV. para. 3. 



CHAPTER XXXTX 


NON-ELECTRICAL TROUBLES IN INSULATING 
MATERIAL 

1. Fibrous Materials. The various fibrous materials are used in 
different forms for insulating material, either as spun threads, 
woven material, paper or pressboard. They may be used as 
bases for impregnating materials, or as tapes or for direct 
insulation without further treatment. 

Much the most important fibrous material in use is cotton, 
and next to it comes silk. Both fibres are organic, and consist 
of elaborate molecular cells, exhibiting a cTystalline structure 
and embedded in an amorphous, putty -like, basic substance. 
Between the single elementary fibres are spaces of various 
sizes acting as capillaries. Since the basic material may swell 
when brought into contact with any kind of dam]), there may 
be appreciable variations in the cross-section and in the pro- 
tection given. This absorption of moisture, which continues 
automatically until a condition of equilibrium between the 
dampness of the fibre and of its surroundings has been reached, 
is called the hygroscopic characteristic. Electrolytes are always 
present to some extent in fibrous materials, due to the ])rocess 
of manufacture, and the electrolyte content, particularly with a 
variable moisture content, has a considerable influence on the 
conductivity of the fibre and therefore on its insulating cap- 
acity. For this reason any kind of fibrous material to be used 
for insulating purposes should be treated to reduce the elec- 
trolyte content to a minimum. The mechanical properties of 
the fibres are also dependent on its moisture content, and care 
should therefore be taken when drying not to raise the material 
too quickly to a high temperature, since then the water leaves 
the fibre too rapidly and its structure is damaged. The result 
of this is a marked deterioration in mechanical strength. When 
drying any fibrous organic insulating material, the temperature 
should be slowly raised and the final temperature should not 
be too high. 

As stated above, there is always a fixed state of equilibrium 
between the dampness of the fibre and of its surroundings. 
Therefore in order to prevent a dry fibre from re-absorbing 

362 
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water, it should be treated with some form of impregnating 
material. This subject is discussed in para. 4 below. 

In addition to the properties associated with the fibrous 
structure, all fibrous insulating materials should have two 
further characteristics. As they arc generally exposed to high 
temperatures in service, they should not be unduly sensitive 
to heat and should not eas% oxidize at high temperatures. 
These two qualities set the limit for the permissible temperature 
rise of machines or other apparatus. 

The type of cotton usual for insulation consists principally 

kg mm 



Fig. 209 . Behaviour of UNiMPitEiiNATED Cotton Tape with 
C oNTiNiToiTS Heating 

The solid lines show the decrease in tensile strength and the dotted lines the 
elongation. 


of cellulose. All insulating materials which contain cellulose, 
whether in the form of cloth or paper, are approximately equal 
in their capacity for withstanding heat. When the fibre is dried 
there is a general decrease in its mechanical strength and 
eventually, with continual exposure to heat, it deteriorates 
into powder. It is often stated that fibrous material should be 
as tough as possible w^hen a machine is new, so as to allow for 
deterioration during service. 

The mechanical strength alone, how^ever, is no criterion of 
the reliability of an insulation, but consideration should also 
be given to its ability to stretch without actually breaking. 
For example, it may happen that paper-insulated wires have 
to be subsequently bent and wound. It has often been shown 
that papers with very little tendency to tear have completely 
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failed in service after this additional handling because then- 
capacity to stretch without cracking was too small. It is 
therefore advisable to regard with discretion statements 
concerning the heat-resisting capacity of woven material and 
paper, since reliability is only achieved by attention to all 
the features mentioned. The influence of oxidation on unpro- 
tected fibrous material at the working temperatures should 
also be taken into account This can be cleaily shown by 



Vur 210 Bfhamoik of Vaknishid Cotton Tapf with 
CONTINUOI S Hi. ATI NO 

The solid lines show the decrease m tensile strt ngth and the dottc d lines 1 lu 
elongation 

experiments in vacuum. Fig. 209 shows the behaviour of an 
unimpregnated cotton tape when exposed to continuous heating 
at various temperatures. It can be clearly seen that at 100° C. 
the damage to the fibre is not serious even when the heating 
continues for a long time, and the fibre remains clastic as shown 
by the small change in the stretching curve At 1 50° C the 
influence of heat is much more marked, both me(*hanical and 
elastic properties having seriously deteriorated after quite a 
short time. At 200° C. and 250° C. the fibres deteriorate even 
more. Other fibrous insulating materials made from cellulose, 
such as paper and pressboard, behave in the same way. In 
contrast to this. Fig. 210 shows the behaviour of a varnished 
tape, that is, impregnated cellulose. It does not tear easily 
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even after a long exposure to heat at 100"^ C. On the other hand 
the elasticity deteriorates after quite a short exposure to heat, 
and reaches very low values. Insulation in which elasticity 
is required should not be made from such material. 

In this connection it should be noted that no hard and fast 
rules can be laid down. The operating conditions and the basic 
material used should always be taken into account when 
judging insulation. If it is to withstand heating, the impreg- 
nating material as well as the foundation of ])aper or c*loth should 
be suitable for the high temperatures. 

Fibrous material should not be treated with any impregnating 
material which disintegrates under continuous heating and so 
damages the fibres. Such materials may be added in spinning, 
in the form of size, or in paper manufacture for fixing and similar 
purposes. The mechanical strength may show serious deter- 
ioration in the presence of such fillers. If it is still possible 
after the damage has been done, an examination should be made 
to determine whether injurious materials were contained in 
the insulation w hen applied. Certain variations in volume may 
occur as a result of the hygroscopic properties, and in an un- 
impregnated fibrous material these variations may be very 
marked. The result is that when the machine is at rest in a 
very damp atmosj)here the insulation may swell very con- 
siderably, and later in operation contract. These continual 
movements may in some conditions rub through the insulation 
or push it up together, for example, in slots. Un impregnated 
slot wedges behave in this way and according to the material 
(wood, presspaper, transformer-board, etc.) the changes in 
volume vary considerably. Impregnation is thus also advisable 
for the materials used for wedges. 

In addition to the deterioration due to contmual heating 
of layered insulating materials, the deterioration in the bonding 
material connecting the several layers of fibre has also to be 
considered. The behaviour of hard paper xjroducts (sheets or 
tubes) must be specially mentioned in this connection. To make 
these, synthetic resin is used which has the property of hardening 
at high temperatures, or of being converted into insoluble, 
non-melting resin. This process results in the formation of 
reaction products, including water, which are generally in 
gaseous form. When the gases reach sufficient pressure they 
damage the material and cause blisters. Unfortunately, 
bakelite products often exhibit a marked tendency to form such 
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blisters, particularly after boiling in oil. This can only be 
prevented by very slow increase in temperature during manu- 
facture so that the reaction products can diffuse out of the 
sheets or tubes. Care should also be taken, when working 




Fi(. IMI Aik Pocket in the Mk a Insilaiion oj a C'oppek 
Condi ctor, Due to Unkqi al lirAriNc 

(a) Position of the in lh< msnlitioii 

(/>) Kn].ugt(l vnw of iKxkot 

bakelized paper products, to ensure that the heating is not too 
considerable or the temperature too higli. 

When insulating conductors with mica paper having a 
natural resin (shellac) as a bonding medium, phenomena may 
occur like those shown in Fig. 211 (a) and (6). Due to uneven 
heating in manufacture, the lower side of the insulation has 
formed a blister which can be seen even more clearly in Fig. 
21 1 (6). When such places reach a higher operating temperature, 
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they blister still more, and finally cause fissures in the insulation. 
In the case of insulating materials in layers, certain bonding 
media will not combine with the basic insulation or the varnish 
it carries. For example, it is not successful to bond mica with 
artificial resin containing formaldehyde. Not only should 
fibrous material be combined with the proper impregnating 
medium, but care should also be taken to use good bonding 
agents which raise the heat-resisting capacity of the whole 
insulation. 

Another construction material owing its most important 
properties to its fibrous structure is wood, which like cotton 
and paper consists of cellulose. There are three types of cellu- 
lose exhibiting different degrees of resistance to external 
influences sucli as heat, oxidation, etc., and no general 
statement of their properties can be made. It is always 
necessary to consider the ratio in whic'li the three forms of 
cellulose occur in the object under consideration. Woods are 
always impregnated, like the fibrous materials mentioned 
above, in order to fill iij) their capillary spaces and pith chan- 
nels, and so redu(*e their hygroscopic properties as far as 
possible. For this purpose the impregnating materials which 
have already been mentioned are used. It should be emphasized 
that the impregnating medium must be suitable for the wood 
to which it is to be a])plied. For example, certain woods, on 
account of their content of unstable cellulose, can damage the 
impregnating medium (see para. 5 below). The impregnating 
medium itself, due to a certain characteristic deterioration, 
may also exert an effect on the cellulose of the wood and 
seriously damage its mechanical strength. The same remarks 
apply to hard j)aper as well as wood when impregnated with 
synthetic resin. If the impregnating material reacts further 
at higher temperatures and gives off gases, the fibre structure 
may be damaged. 

If progress is to be made in the development and application 
of fibrous material for insulating purposes, further attention 
to the points stressed here is necessary. No general rules for 
the properties and strength of insulating materials can be based 
on a few isolated facts. 

8. Sealing and Impregnating Compounds. Fibrous materials 
such as cotton and paper may be protected against damp and 
heat by impregnation. A coating of insulating varnish also 
will often give satisfactory results. There is a difference between 

25“-(T.23) 
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the two kinds of treatment. In the former, individual fibres 
are filled with the impregnating medium, the air present is 
driven out and the fibre embedded in varnish. In the second 
method, however, the spaces between the fibres are not filled up. 

Sealing and impregnating com])ounds are generally not 
single materials but mixtures of asphalt with resin, of asphalts 
with oils, or of resins with mineral oils. The composition of 
the filler may be altered to give the desired consistency. Since 
a certain plasticity is required, there are limits to the quantity 
of asphalt that can be added. Only natural asphalts should 
be used for good insulation, and not tar-pitch wliich is some- 
times incorrec'tly described as asphalt. It always contains free 
carbon which lias a bad effect from the electrical point of view, 
although it is quite possible by suitable treatment to remove 
the carbon trom the pitch and obtain a more or less usable 
product. Vaseline or paraffin (‘an be used instead of the oils 
mentioned above. When making insulation fillers, the different 
components should al^\ays be well melted through, otherwise 
on cooling the whole mass separates into individual layers 
which under some (‘onditions exhibit unequal stresses, which 
is a disadvantage both electrically and me(*hanically. It is 
possible, however, for exclusions to occur without appreciably 
lowering the quality of the insulating material, and occasionally 
finely crystallized exclusions are seen in fillers containing 
colophoniurn which are formed of abiotic a(‘id, the principal 
constituent of this resin. From the ele(*trical point of view, 
this has no disadvantages. The exclusion can be brought back 
into solution by reheating and slow cooling. 

It is also possible for insulating fillers to behave satisfac- 
torily during melting and cooling, and only show signs of exclu- 
sions after a period in service. Care should be taken to ensure 
that by systematic testing of the individual components the 
homogeneous solution retains its constitution permanently. 

Further troubles may arise in connection with fillers due 
to the femperature variations which occur in service. As the 
tcmpeiciture rises the filler expands to a greater or less degree 
according to its composition. In this case also, only tests 
can show w hether the single components are liable to excessive 
volume changes. This trouble may occur unexpectedly in 
such apparatus as bushing insulators when the heating is on 
one side only. The heated side increases in volume and there 
is a rise in pressure. Since there is no corresponding pressure 
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on the other side of the bushing, a fracture occurs. It has 
also been shown in such cases that some mixtures satisfy the 
general conditions mentioned above, but fail under unequal 
pressures. It is clear from the above facts that great care 
should be exercised in choosing impregnations, and that their 
composition should always be suitable for the purpose for 
which they are intended. A compound which is suitable for 
sealing cable ends is not necessarily ideal for filling insulator 
bushings. 

Just as the expansion of the (components with a rise in tem- 
perature is imiK)rtant, so is the ccmtraction on cooling. The 
latter is generally known as the afropJu/ of the filler. It is clear 
that only a series of experiments will determine the most suit- 
able mixtures as regards atrojiliy. Great attention should be 
given to this feature as it is the cause of cracks in compound. 

The possibility of oxidation when aj)])lying the compound 
should also be mentioned here. This happens wdien oxidation 
products which are very viscous and have a low degree of 
penetration form at the manufacturing temperature. As long 
as the filler is fluid, the amount of* degeneration cannot be 
determined, but as soon as splidifi(*ation starts it is apparent 
that fine films are excluded wdiich do not enter the material to 
be impregnated but remain upon the suifa(‘e so that impregna- 
tion is prevented. According to the type of the different 
components, the wdiole filler exhibits different degrees of 
sensitivity to oxygeji, and care should be taken to ensure that 
suitable constituents are chosen. 

3. Cement. Gertain insulators have often to be connected 
by cement to their sup])orting or driving members. Like 
solders, these are ap])lied in liquid form to the place to be 
cemented, and make a firm joint either by solidifying or by 
losing their solvent from eva])oration. Chemical reactions take 
place in addition to pure physical changes and thus give the 
tight joints obtained. A good cement should have both suffi- 
cient internal strength and “grip.” When the grip is insufficient 
the cement separates from the parts to he connected as soon 
as there is any mechanical stress. The strength of the joint, 
however, is dependent on yet a third factor, the material to 
be cemented. A metal requires a different kind of grip from 
that suitable for porcelain or bakelite or similar materials. 
Cement, like other materials, has no universal type which can 
be successfully applied in all cases. 
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The cemented place should be able to withstand other 
influences besides mechanical stresses. In certain cases, the 
cement must be free from any tendency to porosity, for example, 
when the cemented place is to be oil-tight and not liable to 
deterioration from the oil. In other cases, the cement should 
not expand after hardening nor be damaged by atmospheric 
influences. Certain cement mixtures may shrink very consider- 
ably during solidifying so that cracks occur. Mixtures are also 
known which cause pressure either during (*ementing or after- 



Fig. 212 . Structi ke of a Litharge-gl^ gekixr Cement, made 
FROM a Litharge of Average C’oarseness 

wards and result in large variations in volume, so that individual 
parts burst. 

Until recently cement mixtures were made emjiirically, but 
lately tests have been carried out to show how the different 
properties of these mixtures can be influenced. The experi- 
ments have also shown the great dift‘eren(*e in cements, not only 
as regards mechanical strength, but also in their resistance to 
chemical, atmospheric and other influences. 

Litharge and glycerine cement is very popular to-day. The 
binding power of this cement results from the chemical action 
between the lead oxide and the glycerine. According to the 
kind of lead oxide, that is, how it is manufactured, and how 
fine it is, more or less glycerine should be added to vary the 
strength or solidity of the cement. In Figs. 212 and 213 are 
shown two photographs of the structure of such different 
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cements. Fig. 212 shows clearly grains of different degrees of 
coarseness in a hard basic mass. This cement was made from 
a litharge of average fineness and is very strong mechanically. 
If the same mixture is used but with a fine red lead oxide, the 
structure is as shown in Fig. 213. Many small particles can be 
seen and the basic mass is quite finely crystallized or powdered. 
The mechanical strength of this cement is very poor. If failures 
are to be avoided, the fresh consignment of red lead oxide 
should be tested to determine the mixture which will give the 


Fkj. STHrOTl’KE OF A LiTH AR(;E-C3LY(’KR1 NE CrMENT. MADE 

FROM A FiNE-(JHA1NED LiTIIAR<4E 

maximum strength and solidity. It is essential that the lead 
oxide should be as far as possible free from impurities. Due 
to long storing lead carbonate, which does not combine with 
the glycerine, may be formed by the carbonic acid of the 
atmosphere. When such substances occur in a joint, its 
mechanical strength generally falls below the permissible 
limits. The glycerine also should have certain properties. It 
should have a certain concentration but not be too concen- 
trated. An 85 per cent solution has been found very satis- 
factory. In addition, it should not contain sulphuric acid or 
sulphates, since these will form further salts with the lead oxide 
and seriously affect the strength of the joint. If the mixture 
of lead oxide and glycerine is properly made and attention 
paid to the points mentioned, the joint will be mechanically 
sound and able to resist external influences after it has solidified. 



372 FATJIiTS AND FAlLUBES IN ELEOTBIOAL FLANT 

When the mixture is wrong, the joint may be sound but the 
mechanical strength insufficient and the whole mass porous. 
Weak places may then occur on the surface due to the carbonic 
acid of the air, and a joint of this kind is obviously not water- 
tight. 

Cements of magnesium and zinc oxychloride have been used 
for certain purposes. The same remarks about the fineness of 
the grain and the manufacture of the oxide also apply to these 
cements. It also makes a great difl'erence if freshly burnt 
magnesium or zinc oxide is used, or if it has been exposed to 
the air for a long time. Even with satisfactory materials and 
proper mixing, this kind of cement is not so strong mechanically 
as a lead oxide joint. This is probably because water may be 
formed under some conditions during cementing, and the 
process may continue for some time after the joint is ap])arently 
complete. There is no important difference in practice between 
magnesium oxychloride and zinc oxychloride cement. Very 
good oil-tight and inechanically sound cements have been 
obtained recently by rej)lacing the magnesium chloride with 
magnesium sulphate and adding aluminium silicate, giving a 
cement of the magnesia type. 

Still other types of cement are occasionally used but they 
are only successful in particular cases. Some mixtures will 
never give more than moderate results. 

In addition to cements of this kind which are recommended 
and generally used for fixing porcelain insulator bushings, steel 
flanges, and similar parts, other cements are Tised where less 
heavy mechanical demands arise, for example, for fixing 
conductors. Such connections are most; simply done with 
resins, shellac, synthetic resins, and the like. In joints of this 
kind, there is generally no chemical leaction taking place, but 
the joining is due to the evaporation of the solvent and to the 
formation of a sticky resinous layer between the parts to be 
joined. Joints of this kind arc only practicable in thin layers. 
When applied in thick layers, they generally have a filler added 
to them, such as powdered asbestos. Such mixtures can also 
be used with resins and fillers in a liquid condition. When using 
synthetic resin or shellac, the hardening can be facilitated by 
applying heat while it is taking place. The cement can also 
be reheated after it has set, to give additional hardening and 
make the joint appreciably stronger. 

It was mentioned initially that the single components of 
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a cement may vary very considerably; consequently only 
general comments can be made here. 

4. Insulating Varnishes. All fibrous materials used for the 
insulation of electrical machines and apparatus are in their 
unimpregnated state more or less hycroscopie, as mentioned 
in para. 1, above. 

Much the best material for impregnating purposes is insu- 
lating varnish. A distinction should be made between impreg- 
nating varnish whi(‘h penetrates into the fibrous material and 
external varnish which forms a coat over it. There is no 
“universar’ insulating varnish and the com])osition should 
always be varied to suit the conditions. 

Insulating varnishes can be divided further into varnishes 
which become dry solely from the evaj)oration of the solvent, 
and those in which chemical processes take place and cause a 
film to form in addition to the eva])oration of the solvent. The 
first group includes spraying varnish, that is, synthetic resin 
or shellac dissolved in spirit. The second group includes oil 
varnishes in which the body of the varnish is a mixture of 
resins or asphalts compounded together with an oil, such as 
linseed oil or w ood oil, m Inch is intended to dry after application. 

The drying process makes a further distinction into two 
classes -air-dried and oven-dried varnishes. The first kind is 
dried at average room temperature by the air, the second at a 
higher tem])erature in a special oven. The difterent properties 
of the finished varnish, whether for im])regnating or painting, 
naturally depend on the composition and the method of drying 
employed. 

Insulation varnish naturally needs various properties 
according to how' it is to be used. For satisfactory impregnation 
it should be easily absorbed by the fibrous material, and should 
completely fill the capillary spaces. To satisfy the first require- 
ment the varnish should not be too viscous and at the same 
time should not separate on being absorbed, since otherwise 
all the solvent will be taken up by the fibres wdiile the varnish 
is left on their outer surfaces. When the solvent evaporates 
on subsequent drying it will burst the surface of the varnish 
and cause hair cracks. For the second requirement the varnish 
should have a certain consistency even though it has to be 
absorbed by the capillaries. This, however, is usually achieved 
in practice by using a solvent which evaporates after applica- 
tion. These two opposed requirements make it clear that there 
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is no universally applicable varnish for impregnation. A thin 
fluid varnish is to be preferred, applied so that in the first stage 
it is absorbed by the fibres, and in the next stage fills the 
capillary spaces between them. The first layer of varnish 
should be thoroughly dry before applying the second, since 
otherwise the second impregnation will damage the first. For 
this purpose, oven dried oil varnishes are most suitable. 
Fibrous insulating material treated in this way can have an 
additional surface coating applied, and for this an air drying 
varnish is best, applied either by spraying or dipping. Low 
pressure spraying pistols have recently been used for this 
purpose and are more suitable than the former high pressure 
pistols, which sprayed the varnish too violently. 

Air-drying varnishes include not only solutions of resins or 
asphalts in spirits or other solvents but also varnishes in which 
the varnish body contains a drying oil. Spirit varnishes 
generally have the disadvantage that they form a more or less 
brittle film, which under certain ojierating conditions is liable 
to develop hair cracks in which damp or dirt can accumulate. 
The best air-drying varnishes are those w^hich give a more 
elastic film. Although the spraying of insulated parts with 
air-drying varnish has a certain advantage, it needs to be done 
with care, otherwise certain parts will have an uneven coating, 
or perhaps there may even be places not entirely covered. 
This is not so likely to happen with dipping. 

Insulated parts impregnated with varnish and having to 
operate under oil — for example, the windings of transformers — 
should not be liable to damage from the warm oil, so that for 
this purpose only special varnishes are suitable. If it is not 
sufficiently dried through, or is not entirely suitable, the warm 
oil tends to dissolve the varnish from the fibrous material, and 
serious deterioration may be caused in the oil from certain 
varnishes. Insulations of this kind should be very carefully 
selected. 

When repairing varnislied machine parts it should be 
rememben d that air-drying oil varnishes will not generally 
resist varnish solvents, and when the new liquid varnish is 
applied, the solvent may cause the original varnish coat to 
swell or soften, or may even dissolve it entirely. When the 
parts are redried in an oven the new coat of varnish, as a result 
of the swelling of the old coat, may not hold properly or may 
have an unsightly appearance. In these cases the drying 
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should be very carefully carried out. It is advisable whenever 
possible to impregnate the repaired parts before assembly, to 
dry them and then assemble them in the machine, finally 
giving a further coat of varnish. In these cases spraying is to 
be preferred to dipping, since with Mie spraying pistol it is 
much easier to deal with the individual parts than with dipping. 

With any kind of varnish treatment great care should be 
taken to avoid bubbles, since the \ arnish does not dry through 
in the thick layers, and when it becomes heated the bubbles 
are driven out. Rotating parts are best impregnated while 
in rotation, since the superfluous varnish is then thrown off*. 
With large machines or parts which have to be laid on one side 
for drying, care should be taken that they are as far as possible 
turned over to avoid any accumulation of the varnish which 
would give an uneven appearance. 

When choosing insulating varnish, the method of application 
and its purpose should be considered, and also the conditions 
in which the finished machine or apparatus will work. In this 
respect also there is no universally appli(*able varnish w^hieh 
will satisfy all requirements. For example, a varnish which is 
to be proof against damp is quite different in composition 
from one to withstand heat. Varnish coats exposed to acid 
fumes need to be quite diff*erent from those liable to be attacked 
by alkalis. The windings of machines may in different situa- 
tions have either liejuid or solid matter collecting upon them, 
for instance, oil throw n from the lubricating system. Air-drying 
varnishes containing oil are generally sufficiently proof against 
lubricating oil at room temperatures even when they will not 
withstand warm mineral oil. 

The surface may also become covered with dust or other 
matter, and in such cases the winding should be cleaned 
periodically. This is best done with compressed air, which 
should be dry and free from oil, but brushes and cloths may 
also be used. If the layer of dirt is stuck fast to the winding 
by oil or other material, it should be removed with some 
solvent. Benzine is usually quite suitable, preferably light 
benzine. Care should, of course, be taken to see that the air- 
dried oil varnish is not soluble in benzine, and also that the 
final varnish coat is not seriously attacked by it. When this 
happens it is advisable, after thoroughly drying the machine 
to spray it again with varnish. Sometimes alcohol can be used 
as a cleaning medium, but soda-water should always be 
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avoided since it is likely to attack the layers beneath the dirty 
outer coating. Benzole is another solvent which is not invari- 
ably suitable. It cannot be used where the windings have a 
final coat of air-dried asphalt varnisli, since asphalts are nearly 
all soluble in benzole. 

5. Insulating Oils. Mineral oils are generally used to-day 
in switches and transformers. These consist of mixtures of 
hydrocarbons, which according to their derivation can be made 
up variously and so exhibit different properties. Suitable 
distillation and refining of the natural oils produces the highly 
specialized insulating oils. These should be manufactured with 
the greatest care, not only in order to satisfy the working 
conditions, but so that the transformer sliall not become a 
source of danger. All mineral oils have only a limited resistance 
to heat, and to oxidation from atmospheric oxygen. 

The insulating oil is constantly ex])osed to these two influ- 
ences in transformer service, and it should be thoroughly 
tested to ensure that it is sufficiently stable. Oxidation pro- 
ducts tend to form in it, due to atmospheric oxygen and the 
high temperature. The most objectionable of these are black 
sludgy deposits. This sludge formation is not, however, the 
cause of the trouble but the result. 

(a) Sludge Formation. When oxidation occurs, acids 
soluble in oil are first formed which are determined by the 
acid content tent (number of milligrams of potassium hydroxide 
required for neutralization per gramme of oil). There is a 
general idea that these acids are particularly dangerous and 
likely to damage the coil insulation, but it is more accurate 
to say that the acid content cannot exceed a certain fixed 
amount without damage to the transformer. It should, how- 
ever, be remembered that this test only shows the quantity 
and not the kind of acid present. When the insulating oil 
deteriorates, various acids form according to the nature of the 
oil, which are another quite different source of danger to the 
windings. The acid content does not provide any information 
concerning this, and the oil should certainly not be renewed 
solely on account of its acid (M)ntent. As deterioration 
proceeds, these acid reaction products give rise to poly- 
merization products which are not soluble in oil at high 
temperatures, and at ordinary temperatures are freely depos- 
ited as sludge. Acids are present in these substances also, but 
as long as the transformer is operating at a high temperature, 
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they are not dangerous. With oil coolers, however, the 
temperature decrease is so considerable that the sludge in 
solution may be deposited on the cooler tubes. Since these 
decomposition products are poor conductors of heat, the heat 
transfer is affected and the oil is no longer properly cooled. 
Due to the raised temperature, furthci* decomposition goes on 
and the products which arc not soluble in warm transformer 
oil are deposited on the windings in the form of asphalt-like 
matter. This also occurs in the oil cooler, since the sludge which 
was formerly soluble when deposited on the cooler tubes is 
transformed by continuous heating into insoluble asphalt-like 
material. This process may so encrust the cooler as to put it 
completely out of action, and if it is not noticed in time the 
consequences may be serious. If the deposits on the cooler 
tubes are not too old, that is, if they have not been too long 
exposed to heat from the warm oil, it is still possible to clean 
the cooling systems with benzole, since the first decomposition 
products are soluble in benzole. If, however, asphalt sludge 
has already begun to form and it has been expo.sed to heat for 
some time, the incrustations are usually so hard that they can 
no longer be removed by this method. In this case, chloroform 
should be used as a solvent instead of benzole but in bad cases 
even this may not be successful. The only remaining expedient 
is to clean the tubes by mechanical means. 

In transformers the products of deterioration may in the 
same way settle on the windings, cross-pieces and other parts, 
as showm in Fig. 214. Due to the poor heat-conducting cap- 
acity of the sludge the windings may be excessively heated 
and deterioration is accelerated. The raised temperature may 
even result in damage to the cotton, if the transfer of the 
heat losses is insufficient. This, however, is not so much a 
direct effect of the transformer oil as damage caused by 
heating arising from the deposits. The same solvents for the 
sludge as are used on oil coolers are suitable for transformers. 
Great care should be taken to ensure that after the sludge has 
been removed, the solvent is also thoroughly cleaned out from 
the windings before the transformer is put back into service. 

In addition to the above products of decomposition, sub- 
stances are produced in the oil which are not stable, and shortly 
after being formed break dowm again and set free oxygen, 
which may be very active and attack the cotton and other 
insulating material. There are certain oils with a particular 
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tendency to form such unstable products and these are much 
more unsuitable than oils with a high acid content. With 
these reactions little or no acid is formed, so that the acid 



Kjg. 214 . Transformer with Windings and Connec tions Choked 
With Asphalt-dike Products oi Deterioration, Due to the 
Use of Unsuitable Oil oveei Skvkrai. Years 

content test gives no indication that the process is taking 
place. As a rule very little sludge is deposited in connection with 
it, so that a very inferior oil may show no signs of sludge or 
discoloration. 
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The various types of deterioration of mineral oils are very 
largely dependent on the degree of refining, that is, how and to 
what extent the oil is treated in the refinery to remove resinous 
substances. It is thus not so much the original constitution of 
the oil as the treatment applied to it which determines its 
behaviour in service. The original source of oils will be dis- 
cussed later. 

(b) The Saponification Factor. To determine certain re- 
action products the saponificatiov factor has recently been 
introduced. This gives the amount of material which can be 
saponified in 1 gramme of oil. It should be noted that here 
again no information is given as to the kind of reaction pro- 
duct, only the quantity. As stated before, some of the most 
dangerous decomposition products cannot be detected by 
ordinary analytical methods. The same applies to the sapon- 
ification factor. With its help, well-defined reaction products 
soluble in oil can be detected wdiich, however, can occur in 
quite large (jjuantities without causing any damage at all. 
On the other hand, oil with a low saponification factor may 
be very inferior. Just as it is impossible to determine from 
the acid content test if tlie transformer oil should be renewed, 
so it is useless to use the saponification factor for this purpose. 
In the interests of rational oil economy, one should avoid 
attempting to estimate the age and probable future service of 
the oil from such analytical numbers, since these are concerned 
entirely with quantity and give no indication as to the kind 
and behaviour of the oxidation products. 

It is obvious that electrical overloading, leading to increased 
heat losses, accelerates deterioration. In general, it can be 
said that up to the average temperatures of 55° C. to 60° C. 
these processes take place comparatively slowly. If the 
temperature is raised up to 90° C.-95° C. the deterioration 
shows a marked acceleration. At even higher temperatures, 
115° C.-120° C., another form of deterioration starts and 
volatile products are formed which are very damaging to the 
insulation. Besides the temperature, the presence of metals 
accelerates deterioration more or less rapidly. Much of the 
most active metal in this respect, whicli comes into contact 
with oil in the transformer, is copper. The other metals, such 
as iron, zinc, or light metal are almost inactive. The influence 
of copper, however, is generally very much overrated since 
it only accelerates deterioration at high temperatures. 
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It is occasionally stated that insulating materials intro- 
duced into the oil with the transformer may have a bad effect 
on the oil. Unsuitable woods may actually have a very bad 
effect and this applies to the wood used for the construction 
of the transformer. It is particularly important to ensure that 
the wood is previously treated so that as far as possible it is 
free from resin, since this is likely to cause deterioration. Even 
woods from which the resin has been removed may have a bad 
effect on the oil due to their chemical composition. 

Care should be taken that the wood parts are joined with 
suitable glue or cement. Cold glue which contains alkalis 
must not be used to increase the strength of joint. The addi- 
tional matter in insulating woods may be very damaging since 
it is frequently hygroscopic and may form creepage tracks, so 
that the oil at these places is seriously decomposed and pro- 
vides a starting point for the general deterioration of the oil. 

Of the remaining fibrous materials used in transformers, 
pressboard and similar products may be mentioned, which 
sometimes have an effect on the oil, although only slight, 
perhaps due to unsuitable manufacture. In this case also, the 
chief aim is to use suitable adhesives. For instance, badly 
washed acid dextrine may be used to glue pressboard, in which 
case similar phenomena occur as with wood. 

For impregnating windings, insulating varnish(\s are gener- 
ally used, consisting partly of resins and partly of asphalts 
mixed together with drying oils. If the composition is not 
right, or the drying process is not continued for long enough, 
these varnishes are more or less soluble in hot mineral oil. The 
dissolving of the varnish naturally makes the impregnation 
ineffective, and the constituents of the varnish may have a 
bad effect in solution in the hot oil, if they are of certain c-hem- 
ical composition. Neither of these troubles is likely to arise 
if the right type of varnish is used, and adequate im])regnation 
and drying applied. In this case no abnormal deterioration 
of the transformer oil takes place. 

(c) Specification and Testing of Oil. What, then, are 
the requirements which should be fulfilled by a good mineral 
oil free from deterioration even in the event of overloading ? 
Some time ago, the most incredible specifications were issued 
on this subject which, however, did not establish the presence 
of unsuitable constituents and were therefore not suitable 
for ascertaining good oil. They merely had the effect of 
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confusing the oil manufacturers without having any technical 
value. 

Obviously one cannot discuss here the different methods of 
testing oil, but we shall mention a few of the important con- 
troversial points and their significance from the technical 
aspect. 

Tlie specific gravity of transformer oil is generally set out in 
specifications in order to ensure the continuity of the supply. 
It should, ho NV ever, never be considered as a quality on which 
to judge the oil. 

The flash-point should always nonadays be determined in an 
open crucible. Its results have only a relative value and cannot 
be used as a criterion of the suitability of an oil. For example, 
in service tlie flash-])oint drops as the oil deteriorates. It only 
shows the temperature at \^hich the gases given off will be 
ignited by a flame without tlie oil itself burning. It is not any 
indication of tlie danger of burning. When, however, there 
occur in service any large or small steady arcs, many easily 
ignited decomposition jiroducts are formed, and the flash-point 
no longer has any significance. It should therefore only be used 
as mentioned above and not taken as any indication of quality. 

In transformer oil, the viscosity is one of the mo»st important 
features. In order that the heat losses shall be conducted away 
as efficiently as possible, the oil should have a certain fluidity. 
Since the ojicrating temperature generally reaches a value 
which reduces the \iscosity appreciably, this condition is 
usually fulfilled. It is, houever, much more important to 
know how the oil behaves at low temperatures, since when 
transformers are in open air situations under some conditions, 
very marked thi(‘kening of the oil may occur due to its excessive 
viscosity. 

In this connection it has been established that one should 
distinguish between iiaraftins and naphthenes. The first have 
the unfortunate property that according to the method of 
treatment in the range Oto— 5° C. they become very viscid 
due to the exclusion of paraffin, or may become of the consist- 
ency of vaseline. It is even possible in cooling radiators for 
paraffin to separate on to the cold walls, and the cross-section 
of flow is appreciably reduced or even completely closed up. 
Naphthene oils have not this characteristic and they are fluid 
at very low temperatures (— 30'' to — 40° C.) without any 
exclusion. For open air stations only these oils are permissible. 
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It has often been stated that Russian oils make the best trans- 
former oils : actually the source of the oil is of much less 
importance than its chemical composition and the treatment it 
receives. No attempt will be made here to discuss the differ- 
ences in Russian, American and other oils. 

As mentioned at the beginning of this section, transformer 
oils should have a certain ability to withstand heat and oxida- 
tion. The methods which are recommended for testing this 
are divided into several categories. The principal rule is that 
determination of a single reaction product, such as acid content 
or sludge, is not sufficient. In the ease of oxidation we have 
also seen tliat reaction products occur, which have a bad effect 
on the fibrous material, but cannot be detected by the usual 
analytical methods. The testing temperature, that is with 
artificial deterioration, should not exceed 115° C. since the 
groups of deterioration products above and below this line are 
quite different. If metals are used for accelerating the decom- 
position, it should be noted that copper, zinc, tin, and alu- 
minium cause the same course of reaction, but copper is the 
most active. Metals such as lead cause quite a different decom- 
position process and the results of these different tests cannot 
be compared, nor can the suitability of the transformer oil be 
based on such comparisons. The dangerous unstable reaction 
products can only be detected by their damaging effect and 
not from analysis. 

In addition to the properties mentioned, there are a few 
other characteristics of transformer oil to consider. For 
instance, all ordinary mineral oils are more or less hygroscopic, 
and those which are particularly bad in this respect should not 
be selected. The oils should not contain impurities, such as fibres 
or dust, which increase the hygroscopic property. When mineral 
oils decompose, water is sometimes one of the products, and if 
such hygroscopic material is akeady in the oil, the effect may 
be bad. The electrical resistance particularly is lowered by such 
impurities. The oil should be dried and purified by suitable 
processes to keep it fit for service, and these processes are 
generally combined. 

The drying is generally done by heating the oil to a fixed 
temperature in a vacuum. Care should be taken that at the 
beginning the temperature is very slowly raised, so that air 
dissolved in the oil does not act as an oxidizing agent and start 
deterioration. Small amounts of oxidation, however, may 
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constantly be caused by the atmospheric oxygen contained in 
the oil which, however, does not have any effect at all on the 
quality of the oil and its behaviour subsequently in service. 
If any tubes or flanges of the drying apparatus are not tight, 
air may be sucked into the oil so that it may be oxidized to a 
very considerable extent even during drying. This is not likely 
to have any serious effect when oils of good quality are em- 
ployed. Care should be taken when drying, to remove not only 
the damp, but also the dissolved oxygen from the oil. 

{d) Cleaning of Oil. For cleaning insulating oils, different 
processes are used. The oldest and most popular method is 
by means of a filter press, which removes all impurities, such 
as particles of sludge, with filter paper. It is often stated that 
this process allows fibres from the filter paper to get into the 
oil. If water is also to be removed from the oil by filter paper, 
the paper should be highly absorbent. Such filter paper ma> 
easily be torn, but this difficulty may be overcome by using 
two or three layers, or specially toughened paper which holds 
back even the finest fibres. For the drying to be successful, 
the paper itself should be thoroughly dried before use. 

For some time separators of various designs have been used 
for cleaning oil. It is quite practicable to remove large impur- 
ities from the oil with tliis apparatus, but finely distributed 
water cannot be removed in this way. On the contrary, it is 
more likely to be finely emulsified by being shaken. If the 
oil is tested for electrical resistance immediately after separat- 
ing, the value of resistance will be high, but after standing for 
a time the fine ])articles of water separate out again and 
appreciably lower the resistance. A further disadvantage is 
that separating generally has to be done at high temperatures 
so that the whole of the sludge goes into solution and only 
separates out again when the oil is cold. If fresh oil is cleaned 
in this way there is the danger with certain systems that the 
oil, by being reduced to a spray, becomes saturated wdth air 
and due to the high temperature becomes oxidized. This process 
is not recommended since, after freeing the transformer, oil 
pipes, etc., carefully from air, an apparatus is connected to it 
which distributes air, and therefore oxygen, finely again 
through the whole system. On this account modern separators 
work in a vacuum or in an inert gas w^hieh removes this last 
disadvantage. The other disadvantages arising from cleaning 
the used oil still remain. 

(1 23) 
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Recently other cleaning processes have been recommended 
which to some extent have proved successful; for example, 
ultra-filtration, electro-capillary cleaning and stream line 
filter presses, which are manufactured by the Stream Line 
Filter Co. in England. 

Mineral oils are also used in oil switches as a dielectric. To 
simplify the stocking of material, tlie same types are used for 
this purpose as for transformers. In this case, the resistance 
to oxidation does not play so great a part as for transformers. 
For an oil to be satisfactory the same qualities are required 
as those mentioned briefly above. It should be noted that for 
open-air plant the solidification temperature should be as low 
as possible, so that on switching, in cold winters, the oil retains 
sufficient fluidity to flow and extinguish the arc as rapidly 
as possible. For this purpose also, naphthene oils are more 
suitable than j)arafiin oils. The specific gravity should be 
lower at low temperatures than that of water or ice, so that these 
do not rise in the oil or remain suspended in it, or tliey may 
cause small flash-overs between the switch-contacts and the 
switch casing. Unfortunately in practice too little attention is 
usually paid to this point. 

During switcliing the mineral oils are decomposed with the 
formation of gaseous products, mainly hydrogen and coal gases. 
According to the switching process various substances are 
deposited, either coarsely flaked or finely divided. When 
cleaning with a filter press, these can be removed from the oil, 
but with the separator they are merely more finely distributed 
in the oil and form permanent decomposition products which 
are practically impossible to remove. 

(e) Wood Oit.s. Formerly wood oils were used in trans- 
formers instead of mineral oils. These are obtained from the 
dry distillation of resin, and after suitable refining were sold 
in various degrees of fluidity. At the higher temperatures 
which occur in service they do not produce the same decom- 
position products as mineral oils, but form practically non- 
fluid, asphalt like polymerization products, which settle down 
as sludge mail the w^hole mass is equally thick. In Fig. 215 a 
transformer is shown from which the thickened resin oil could 
only be removed after several hours heating. In order to 
reduce the time somewhat, the resin oil was thinned from time 
to time with oil. 

Resinous oils must not be used in oil switches since they give 
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very heavy carbon deposits due to the decomposition caused 
by the arc. Small quantities of wood oil have a very bad 
effect when added to 


mineral oils. There is 
a rapid formation of 
heavy sludge due to 
the forced oxidation 
of the mineral oil by 
the wood oil residue. 
Care should be taken 
to avoid such mix- 
tures. 

While vegetable oils 
and mineral oils may 
definitely not be 
mixed, there is al- 



ways a doubt as to 
whether two mineral 
oils will mix without 
causing any trouble 
in service. We have 
already mentioned 
that the descriptions 
“American ” or “ Rus 



sian” are practically 
meaningless in view^ of 
the high standard of 
refining usual to-day, 
and are no (*riterion 
at all of the quality 
of the oil. When it is 
desired to mix min- 
eral oils, it must be 
known with certainty 
whether they belong 
to the naphthene or 
paraffin class. If the 
kind of oil is known it 





Fra 215 Transiormku Fueled with 
Resin Oil 

The oil lias been reduced to an asphalt-like consistency 
by continual heating. 



can be stated that oils can be mixed, if they are chemically 
similar and have, by suitable refining, come to have the same 
values for their various characteristics. The actual refining 
process employed does not play any part in determining 
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whether the oil will mix or not. Mixtures of this type will 
be similar to their components as regards their electrical pro- 
perties and chemical behaviour. 

(f) Regeneration op Oil. For some time, used oil has 
been made suitable for further service by the process known 
as regeneration. Complete regeneration is, of course, the same 
thing as refining. This process removes certain materials such 
as acids, sludge, etc., from the used oil. Certain other decom- 
position products are, however, formed in service which are 
soluble in oil and not detectable by the usual analytical methods. 
Regeneration will not remove these. Regenerated oils are, as 
regards dielectric properties, very much inferior to new oils, 
although the analytical values after the treatment are almost 
as good as originally. 

It is always debatable whether the oil should be cleaned or 
renewed. To-day the deciding factors are generally the acid 
factor and the saponification factor; but as already men- 
tioned, these do not give any real indication of whether the 
oil is suitable for further service. Extensive tests of the dielec- 
tric behaviour are necessary for a sound decision. Unfortu- 
nately, until recently tests of this characteristic have generally 
been neglected. The question of renewing the insulating oil 
cannot usually be solved by fixing permissible values for acid 
or saponification factor, since it should be determined separ- 
ately for each case, taking particularly into consideration how 
much tendency there is for the oil to attack the insulation. 

It was mentioned before that the dielectric behaviour of the 
oil is particularly affected by damp. We can best expand this 
by saying that the presence of moisture can be most easily 
determined by the following test. A small sample of oil is 
heated in a test tube over a Bunsen flame and note taken if any 
water that is contained in the oil is given off by observing the 
customary crackling sound. If the result of this test is positive 
the oil should be thoroughly dried. It is more satisfactory, 
however, to determine the breakdown capacity which varies 
appreciably with even the smallest traces of water. 

The formation of sludge in glass expansion vessels — on 
bushings — is mentioned in Chapter XXXI. This, however, 
does not lower the electrical resistance of the oil but the phe- 
nomenon should be regarded as undesirable because it is 
unsightly. The properties of oil both as regards sludging and 
breakdown strength are set out in B.S.S. 148, where the 
recommended test procedure is also described. 



CHAPTER XL 

INSULATING MATERIALS : ELECTRICAL TROUBLES 

1. Breakdowns. When breakdowns occur through solid insu- 
lating materials, the internal material is rendered useless as an 
insulator by a conducting path or an extensive burnt place. 
Fluid or gaseous insulating material may, however, be renewed 
at the burnt place by the flowing in of sound insulating material, 
and thus regain its original insulating capacity. 

The cause of electrical puncture is usually excessive voltage, 
resulting from electrical atmospheric disturbances (direct or 
indirect striking by lightning). Short circuits and breakdowns 
to earth as well as faulty switching are also responsible for 
excessive voltages, but their causes cannot be discussed in 
detail here. 

Another group of causes of electrical breakdowns is the 
actual failure of the insulating material itself, that is, its 
technological state, and the alteration of this with heat, damp, 
mechanical stress or chemical attack, as well as entry of 
foreign matter which damages the materials. 

( a ) Solid I insulating Matkirials. The processes causing 
the breakdown of solid insulating material are not even yet 
completely understood and are still the subject of scientific 
research. The following fundamental points can, however, 
be mentioned. Electrical breakdown is very considerably 
influenced by the heating of the materials and a breakdown 
can often be traced directly to previous overheating. The 
question then arises as to the source of this heating. In solid 
insulating material which is in an alternating electrical field 
(most high-tension insulations are in practice on a.c. supplies) 
losses arise known as dielectric losses. These are dependent on 
the magnitude of many factors, including temperature, and in 
most materials may be such that in service the surroundings 
also are heated. When the insulating parts are properly de- 
signed and carefully manufactured from suitable material, 
normal voltages should, however, not cause excessive heating, 
since the small losses only raise the temperature of the parts 
slightly and the heat is naturally conducted away to the sur- 
roundings. 
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The danger of breakdown due to overheating first arises 
when the internal or external causes of heating increase exces- 
sively. Insulation of unsuitable material or of careless con- 
struction may have excessive dielectricj losses either generally 
or in one place only. The increased heating then causes a 
greater excess temperature so that the losses increase still 
further. The temperature of the insulation finally reaches 
values which are critical for the material and dangerous, and 
a conducting path finally occurs, resulting in a thermal break- 
down . The insulating material is therefore damaged over a large 
area by the overheating, and burnt by the subsequent puncture. 
The breakdown thus takes place entirely due to causes external 
to the insulation itself. Pig. 125 shows the effect of a thermal 
puncture on a bad condenser bushing. 

External overheating by adjacent constructional parts also 
fa\rours thermal breakdowns, in that it raises the ambient 
temperature and consequently the internal temperature of 
the insulation. Brealedowns may happen in designs which 
are heated from external causes to a liigh temperature, for 
example, the terminal bushings of transformers, where the 
under part is heated by the oil, or machine coils where the 
copper and iron temperature heats tlie insulation from both 
without and within beyond the permissible limit. 

The effects of the puncture are dependent on the energy 
which may flow to the place where it occurs, and the effective- 
ness of the protection ; since the puncture generally also means 
a short circuit, or a breakdown to earth, it should be cut out 
by the overload protection provided. 

Preventive measures against this phenomenon are careful 
manufacture, voltage testing and eventually loss measurement 
on the finished product. This is usually constantly carried out 
by the supply firms. In service the insulating bodies should be 
protected against unforeseen heating by the surroundings. 
Heating to a critical point may occasionally be detected by 
feeling with the hand after repairs. Continual over-voltages 
may lead >ometimes to increased losses and consequent heating, 
but it i.s not likely that the voltage increases arising in service 
will have unfortunate consequences if the insulation is quite 
sound at the rated voltage. 

Punctures which could not have been caused by heating 
have also been noticed on solid insulating material in addition 
to typical thermal breakdowns. These “ cold ’’ or pure electrical 
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punctures generally occur as the instantaneous consequence 
of high over- voltages, either when testing or in service. The 
dielectric punctured in this way exhibits only a straight line 
puncture as in Fig. 216, and there are no traces of any previous 
heating of the area. This type of puncture can only be pre- 
vented by proper dimensioning of the dielectric and suitably 
shaped electrodes. At the same lime, an efficient over-voltage 
protection should be provided to prevent such dangerous 
stresses. 

Several points sliould be noted wlien designing solid insula- 
tions. The stress an insulation will withstand dej)ends not only 
on the type of stress but on the 
variation in any particular ma- 
terial as regards constituents, 
manufacture, shape or reaction 
to temperature. It is therefore 
impossible to give reliable general 
rules for this. Tables giving the 
approximate permissible voltage 
for 1 cm. thickness of various 
insulating materials should be 
applied wdth discretion, and it 
should be noted that the same 
material supplied by different 
manufacturers may exhibit very 
different electrical characteristics. In addition, rules which 
often fail to provide an adequate margin of safety cover the 
kind of voltage (a c. or d.c.), the frequency, shape of electrodes 
(surfaces, curves, points or edges), and their pressure, as well as 
rules on previous treatment and the condition of the insulating 
material in question. Moreover, the voltage which causes the 
puncture is not as a rule proportional to the thickness of the 
dielectric, but follows the typical curve shown in Fig. 217. 

Reliable information on the dielectric strength of a material 
can thus only be given by the manufacturer or a reliable 
testing station. Fig. 217 shows, for example, what information 
is desirable when using pressboard or transformer-board. The 
margin of safety can be seen for any degree of stressing of the 
material. 

(b) Fluid Insulating Material (Oils). The dielectric 
strength of oil is lowered by any impurities present, as men- 
tioned in Chapter XXXIX, para. 5. There are many and 



Fig 21() Eje(ti{1("al Break- 
down TiiRoiGTi AN Insulator 

(^AP 
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various impurities to be considered — for example, moisture of 
various kinds, atmospheric influences, products of deterioration 
from internal or external sources, foreign matter such as carbon 
particles, dust or fibres — so that no simple breakdown test of 
the oil, for instance, with the usual testing apparatus suffices 
to determine its insulating capacity. 

Investigators have advanced widely different explanations to 
account for breakdowns in technically “cleaned” oil. While 
moisture in the oil has been stated to be the predominating 



Fig. 217. Hbi^akdown Voltacjes BETWEE^ Ball and Plate Electrodes 
FOK Transformer Board, Previously Boiled for 36 Hoiuis 
IN Transformer Oil at 105' 

TIk* voltajioh wert‘ applied for one iiilmite uiidor oil. 


cause of breakdown, solid impurities such as fibres may cause 
“bridge-formation” and so lead to electrical breakdown. 
Actually both influences are present together in the oil and 
both lower its strength. (Chemically pure oils which are entirely 
free from water and impurities actually show breakdown 
strengths of over 200 kV. eff. per cm. For practical purposes, 
oils giving values of 100 ky. eff. per cm. with the usual testing, 
methods are considered sufficiently good. These values are, 
of course, only relative and cannot be used as a standard for 
the oil inde pendently of other factors (see Chapter XX XIX, 
para. 5). 

With solid insulating material a very high field strength or 
peak at one point immediately damages the material there, 
but with oil the process is quite different. To produce a 
dangerous peak effect and cause a subsequent breakdown, it 
is necessary according to the experiments of Roth for the 
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electrical voltage drop, for some distance from the point or 
edge into the oil, to be very high. 

Corona discharge phenomena can occur in oil as well as in 
air and thus bring about chemical action. This is, however, 
extremely unlikely in service. 

(c) Air. The electrical breakdown of a layer of air between 
two electrodes (conductor to conductor, or conductor to earth) 
can be explained as due to the presence of electrically charged 
particles of gas (ions). If the field is sufficiently strong, these 
form a conducting path which remains under the voltage of 
the electrodes, ft offers a certain resistance to the arc current 
which decreases with increasing current strength. The energy 
available, which is often quite considerable, turns to heat and 
ignites the whole space which is bridged over between the two 
elecjtrodes. If there is no suitable arrangement for conducting 
away the arc or extinguishing it (either arcing horns on isola- 
tors or magnetic blowouts on air break switches) and the 
energy is sufficient, a steady arc is likely to occur. This may 
melt the electrodes as well as the part of the installation in 
contact with the arc (condiuitors, instruments, and construc- 
tional parts). “Wandering’ or “climbing" of the arc does not 
necessarily hinder this. 

Assuming that the air distance was properly dimensioned 
in the first instance, the breakdown may have been caused 
either by an over-voltage between the electrodes or some fault 
on the electrodes theniwselves existing at normal voltage. Only 
properly built and maintained plant ec^uipped with over-voltage 
conductors is proof against the consequences of over-voltages. 
(See Chapter XXX, para. 6.) The suitability and effectiveness 
of the different kinds of over-voltage protective apparatus are 
still a subject of dispute. Modern switching plant for very high 
voltages usually has built-in protective devices. 

The causes of breakdowns through air are often actually to 
be found in the electrodes. At different places in this book 
attention is drawn to the effect of loose terminals or conductor 
connections. With current surges, these may be so over- 
loaded or stressed that glowing metal is thrown off them and 
an arc started. 

Corona discharges from live surfaces have a similar effect 
in the air, but not so quickly. Sharp angles and edges are 
usually the cause. On high-tension installations such places 
are avoided by suitable shaping of the electrodes. Even on 



392 FAULTS AND FAILURES IN ELECTRICAL PLANT 

these, discharges are lik^y to appear after they have been 
some time in service, since the surrounding air always contains 
more or less dust and grains or fibres are deposited on the elec- 
trodes which cannot always be removed. The advantages of 
curved surfaces are then sometimes lost. 

In designing insulating distances in air, allowance should be 
made for this accumulation of dust and the formation of 
discharge tracks. To be quite safe the distances should be 
calculated for the electrode shape from point to point. For 
this the formula below based on experience may be used. This 
applies from about 40 kV. working voltage upwards. 

F = 14 + 3-2 X d 

in which V in kV. — the effecjtive breakdown voltage of the air 
layer and d in cm. the necessary electrode distance for the 
voltage (joncerned. 

For installations situated very far above sea-level, it should 
be remembered that air resistance to breakdown decreases 
with a decrease in pressure, and it can be assumed that it is 
approximately proportional to the average barometer height. 

The danger from corona discharges should not be overrated 
in the open where there is a natural movement of the air, but 
the first opportunity should be taken to remove the cause of 
such discharge. Tt is serious in completely closed spaces, in 
solid insulation containing gas or air, and fibrous material is 
particularly susceptible in this respect. Tn Chapters 11, para. 10, 
and XX, para. 2, two cases of such internal corona discharge 
are mentioned. 

2. Flash-overs. This term refers to discharges between two 
electrodes along the dividing layer of two insulating materials, 
for example, along the surface of an insulator in contact with 
air or along insulating parts under oil, as well as along a 
separating layer of two different solid insulating materials. 
The discharge along these boundary surfaces is no longer 
determined by the electrical strength of the boundary material. 
More often the process starts as partial conduction on the 
surfaces. 

This current conduction is greatly favoured by deposits of 
foreign matter from the surrounding air or oil. On surfaces 
exposed to air there may be a film of damp, dust, soot (on burnt 
places), or oil, and on surfaces under oil there may be sludge 
from the oil, soot or even woven fibres. Liquid and solid 
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deposits together may even lead to the formation of complete 
covering layers in which creepage tracks easily form and cause 
flash-overs. The danger of flash-overs is that they often occur 
very much earlier than the breakdown in the adjacent insu- 
lating bodies. The results depend on the energy present and 
the material concerned. Insulators in air are on this account 
provided with devices to induce a breakdown across the free 



Fit}. 2J8. PoucKLAiN Insulator showing Traces of Burning 
Due to Arc 

air before a flash-over occurs along the surface, a familiar exam- 
ple being the guard rings and horns on high-tension outdoor- 
type insulators. No insulating material, not even porcelain, 
can withstand the steady arc resulting from a flash-over. As 
shown in Fig. 218, it is quite possible for the glazing to be 
damaged by burning. 

Even in solid insulating materials which are constructed in 
layers, flash-overs are more likely along the dividing layers than 
across them. This is due to the structural incompleteness of 
the dividing layers, although foreign matter cannot be depos- 
ited in this case. The electrical strength along dividing layers 
in solid material is often a fraction of the breakdown value at 
right angles to the grain of the material. 




APPENDIX 

SOME NOTES ON BRITISH AND CONTINENTAL PRACTICE 

Tins book deals with the more common types of trouble which 
are liable to occur, and forms an effective groundwork for the 
less frequent and often much more obscure type of failure. 
It was written in the first case having in mind apparatus made 
on the Continent, and as readers of this translation will, in 
many cases, have to deal with British and American products, 
the following is a brief survey of the differences between the 
National Standards and the manufacturing practices on the 
C^ontinent, in Great Britain and America. 

Temperature Rise. The most marked differences in practice 
are probably to be found in the permissible temperature rises, 
and Table A gives a conijiarison between the British, German, 
and American standards for motors. 


TABLE A 



British 

B.S.S. 168/19.36 

German 
, V.DE. 

' 0530 

1934 

American 

1 A.S A. (A.l.E.E.) 


Venti- 
lated 
mai hines 

Totally 

Enclosed 

Machines 

1 ^''enti- 
lated 

j Machines 

Totally 

Plnelosed 

Machmes 

Maximum Ambient Air| 40^ 

C j 

1 35° C. 

i 

°C. 

Insulated windings 

40 C. 

50^ C. 

60 C. 

40 C. 

56° C. 

Iron m contact with 
the above 

40° C. 

50° C 

60 0. 

40 C. 

55° C. 

Commutators 

45° C. 

55° C. 

60^ C. 

55 C. 

65° C. 

Sliprings 

(tt) ventilated 

(6) totally-enclosed . 

45° C. 
55° C. 

55° C. 
55° C. 

60°C. 

60" C. 

55" C. 
55° C. • 

65° C. ' 
65° C. 

Smgle-layer field 
wmdmgs 

50° C. 

50° C. 

70° C. 

50 C. 

66° C. 


Note, All with Class A insulation. 

British and American rules — temperatures by thermometer. 

German rules — temperatures by thermometer, or increase of resist- 
anoe, whichever is higher. 
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Ball and Boiler Bearings. Ball and roller bearings are used 
to a much greater extent in Great Britain than either on the 
Continent or in the U.S.A. They are standardized up to sizes 
of machines corresponding to 1 000 h.p. at 1 000 r.p.m. in this 
country, whereas on the Continent there is still a considerable 
sale for sleeve bearing machines. In the U.H.A., except for 
small motors, the sleeve bearing still holds the field. The 
authors have not dealt extensively with the troubles likely to 
occur with ball and roller bearings, and some notes on these 
follow. The two main sources of trouble are 

(a) cage wear ; 

(b) stationary vibration. 

The first of these, i.e. cage wear, may arise from a variety of 
causes, one of the most common being inadequate lubrication. 
Grease is the usual form of lubrication for this type of bearing, 
and in service is intended to behave like a sponge containing 
oil. The grease should exude its oil steadily during the periods 
between recharging of the housing, and it is this oil which 
should creep over the cage and races rather than the grease 
itself, which is some 15 per cent or 20 per cent soap. If the 
grease releases its oil too slowly, the cage will become starved 
of lubricant. If the bearing is overcjharged with grease, the 
latter may split up into its separate components of oil and soaj) 
due to the churning action, and allow the oil to drain away 
alQng the glands. The housings of ball and roller bearings 
should be packed approximately two-thirds full of the grease 
recommended by the manufacturer of the machines, and should 
then operate at least six months without further attention. 

Another cause of cage wear may be misalignment of the 
inner and outer races. If the inner race is canted with respect 
to the outer, the path of the rollers or balls, as the case may 
be, is not true and they are forced violently into contact with 
the cage during part of each revolution. The misalignment 
may be due to machining errors at the manufacturer’s works, 
but more often it arises from faulty reassembly after cleaning 
or fitting of replacements. Grit or dirt on the shoulder of the 
shaft will throw an inner race out of truth. The alignment of 
races can readily be checked by means of a clock micrometer 
with the motor or generator fully assembled. The bearing 
cap should be removed and the clock micrometer located from 
the side of the outer race with its plunger resting on the side 
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of the inner race. If the shaft is revolved, the micrometer will 
then indicate the amount by which the inner race is out of 
truth. Next the micrometer should be mounted on the shaft 



Fig. a. Showing the Method of Checking the Alignment of 
Races foe Ball ob Roller Bearings 

(see Fig. A) and the latter revolved, when the misalignment 
of the outer race will be indicated. 

If a motor fitted will ball or roller bearings is subjected to 
severe vibration while it is not revolving, the rollers or balls 
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produce indentations in the tracks which, on starting up the 
machine, cause excessive noise. Naturally, if a motor con- 
tinues to run in this condition, the surfaces of the bearing 
races will collapse in due course, but it is interesting to note 
that bearings with severe indentations from vibration while 
stationary and making excessive noise have run for long periods 



Fia. B. Shc^uino the Rtssitlts on a Beahino Sttbjp:ctkd to 
Heavy Vibkation whiee Stationary 

without actually failing, A motor of some 300 h.p. operated 
for five weeks in Africa while sj)arcs were coming to hand, and 
at the end of this period had not actually broken down. 

This marking due to vibration frequently takes place during 
transit to site, and transport for new motors should always be 
arranged to avoid excessive vibration. Motor lorries with solid 
tyres are quite unsuitable for transporting machines with bail 
and roller bearings. Railway wagons should be well sprung. 
The trouble may also develop in service where the foundations 
of a motor vibrate severely and the machine is standing idle 
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for long periods, as is the case with standby plant. It should 
be^noted that the trouble rarely occurs if the machine is 
revolving, even though excessive vibration is present. Eig. B 
is a photograph of a typical outer race damaged by vibration 
while the motor has been standing stationary. 

If the marking of the races is not severe, the bearings can 
be put into work by merely turning the outer race round in 
its housing so that the marks which arc usually at the bottom 
are lying in some position out of the load area, e.g. at the top. 
If the inner race is severely marked, this remedy is not effective, 
but nevertheless, the motor can be run until such time as 
spares can be fitted. If run, the bearing should be kept under 
observation and shut down if an excessive temperature rise 
develops. 

Transformers. As in the case of machines, the principal 
difference between Continental and British transformer practice 
is in the allowable tem])erature rises. The limit for oil immersed 
naturally cooled transformers according to the British Standard 
rules is 60^^ C^. by increase of winding resistance, whereas the 
corresj)onding V.D.E. Rules allow 70° C. rise, also by increase 
of resistance. The only effect of the more conservative British 
[)olicy is likely to be elimination of some of the troubles such, 
for example, as sludging of the oil. This subject is dealt with 
at length in this book, in the final section on ‘‘Materials,” and, 
whether or not the allowable temperatures affect the position, 
it is certain that in England examples of sludging such as are 
shown in this book are virtually unknown to-day. In the 
matter of core building, English transformer practice tends 
towards the yoke built u]) from interleaved laminations, rather 
than the solid machined yoke shown in Fig. 126. This thereby 
avoids trouble due to pitting of the iron and local circulating 
currents, but on the other hand, the process of dismantling 
for any possible winding repairs is much more involved. 
Transformers have, however, reached a very high standard of 
reliability to-day, and such troubles as occur tend to be in the 
auxiliary apparatus such as the cooling systems and tap chang- 
ing equipment. The Buchholz protective apparatus described 
in the book is now manufactured in this country, and is un- 
doubtedly an excellent device for limiting the damage when 
trouble is developing. 

Switchgear. In the section of the book dealing with switch 
and control gear, the fundamental characteristics of contacts 

27— (T.23) 
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are described and the usual types of troubles associated with 
them are dealt with. British manufacturing practice in regard 
to these points is naturally very similar to Continental, and 
the fundamental differences in switchgear lie rather in the 
form of protection and the method of extinguishing the arc in 
circuit breakers. In this country oil-immersed gear is cus- 
tomary, whereas on the Continent, water and air blast circuit- 
breakers are making some progress. Metalclad switchgear is 
popular in Great Britain, but on the Continent and in America 
it is by no means as widely employed. This metalclad gear is 
usually characterized by draw-out type switches in which the 
latter may be disconnected from the bus-bar chambers through 
plugs and sockets. Flash-overs and tracking may take place 
on the insulation of these parts unless they are properly main- 
tained ; that is to say, they must be kept free from dirt and 
moisture. With all switchgear, however, mechanical troubles 
constitute a large proportion of those arising in service and 
their diagnosis is usually straightforward. Amongst electrical 
faults, if exception is made of catastrophes due to switches 
being incapable of handling the fault current, one of the most 
common sources of failure is in the auxiliary circuits. Apart 
from periodic examination and testing, it is very desirable 
that these parts should be readily accessible so that trouble 
can be rectified quickly, should it occur. 
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A.C. commutator machines, 90 

generators, regulation of, 308 

, reversal of load, 315 

Acid content of oils, 358 
Air blast transformers, 189 

break switches, 231 

Air bubbles in switches, 237 

dryers, 218 

drying varnishes, 373 

filters, choked with dust, 7 

pockets in winding insulation, 

14, 22 

Alloys, loss of zinc in, 349 
Apparatus, 226 

, mechanical defects in, 237 

, operation of, 238 

Arc blowing, 231 

length of d.c. switches, 240 

Arcing chamber, 232 
■ horns, 233, 290, 291, 292 

• on switching in, 241 

Arcs on isolator switches, 248 
Armature, sticking of, 227 

• , speed drop of, 271, 273 

Asphalts, 368 
Automatic control, 320 

voltage regulation, 305 

Auxiliary choke coils, 153 

compound winding, 146, 173 

contacts, 228 

winding for single-phase induc- 
tion motors, 162 
Axial play m bearings, 117, 304 

Balancinu, 97 

weights, 101, 103 

Ball bearings, 116 

grease for, 359 

Bearing, ball, 116 

, breakdown of, 118 

, bronzes, 339 

, cold working of, 341 

, currents, 118, 352 

, losses, 113 

, metal, 334, 341 

, metals, lead content of, 341 

, overheating of, 113 

, play, 108, 116, 155 

, pressure, 117 

, repair of, 118 

, ring lubricated, 113 


Bearing, roller, 1 1 6 

, seizing, 118 

, shells, tinning for, 334 

Bearings, lubricating media, 116 

, protection from dust, 120 

Bed(iing-in of brushes, 61 , 74 
Blow-out field of switches, 240 
Boiler scale formation, 220, 269, 352, 
353 

Booster machines, 151 
Breakdown due to heat, 387, 388 

of solid insulating material, 387 

through air, 391 

to the iron in windings, 25, 28, 

32, 78, 125, 157 
Breaking kVA., 246 
Brush contact voltage, 53, 54, 70, 85, 
86 

cooling, 59 

displacement, 134 

on d.c. machines, 138, 146 

on rotary converters, 152 

distribution, 75 

friction, 51 

grooving, 52, 82 

holders, 65 

maintenance, 56 

material, 49, 66 

mounting, 60, 89 

— play, 61, 65 

position, 73, 131, 134, 159, 

305 

pressure, 49, 65, 66, 76 

tails, 52, 79 

, fracture of, 82 

wear, 54, 58 

Brushes, bedding of, 61, 74 

, current loading of, 50, 66 

, damaged zones on, 73, 176 

, development of grooves on, 56 

, dirty, 52 

, dusty, 55, 176 

for commutators, 63 

on slip -rings, 49 

, eroded zones, 51 

, insulation of, 163 

, maintenance of, 59 

, putting into service, 59 

, pitting beneath, 57 

, sparking of, 50, 55, 67 

, tracking by, 82 
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Bubble formation in pressboard in- 
sulation, 365 

Buchholz protective relay, 198, 199 
Burrflng of the core, 33 

out of compound motors, 175 

motors, 157, 175 

tost for breakdowns to the 

iron, 32 

Burnt places on contacts, 234 
Burring of laminations, 45 
Bushing current transformer, 261 
Bushings for several conductors, 209 
Butt contacts, 228, 233 

Cable layout wrong, 293 
Calcination in water resistance, 269 

of cooler tubes, 13, 113 

Carbon dust, deposit of, 78 

pile regulators, 306 

Carbons. >SVr Brushes 

Casing of motors, 10 

Cellulose in insulating materials, 363 

Cement of litharge and glycerine, 370 

Cements, 209, 369, 373 

, not airtight or watertight, 218 

Centrifugal coupling, 128 

switch, 154, 155 

Chain drive, 111 
Charring of windings, 159 
Choke coils, 154 

— — , fiash-overs on, 222 

— - — for starting synchronous 
motors, 165 

fV,j. switching over, 169 

^ short-circuit currents on, 

222 

, vibration of, 223 

— — with iron, 221 

without iron, 222 

Choking of the cooling air, 10, 11 
Circulating currents, 42, 48, 144, 257 
Clamp siTows, loosening of, 212 
Cleaning of insulating oils, 383 

of machines. 187 

of oil coolers, 377 

Cloth filt/ors, 1 1 

Coil ends, support of, 14 

soldering of, 162, 178 

Coils, flashovers between, 42 
Cold glue on wood in oil, 380 
Cominuto< ion, 63 
Commutator ageing, 64 

brushes, 63 

, cleaning, 123 

, contact resistance, 122, 137, 138 

, dirtying of, 126 

, distortion of, 68 


Commutator, out of round, 137 

, overheating of, 85 

Commutators, grinding of, 88 
Compound winding of converters, 152 

of d.c. machines, 135, 136, 

158 

Compressor drive, 166 
Condenser bushings, 209 

for arc extinguishing, 242 

for starting, 1 62 

Contactor gear, 271 
Contacts, burning of, 175 

, deposits on, 228 

, distortion of, 245 

, lubrication of, 361 

, melting together of, 307 

, overheating of, 227 

, oxidation of, 227 

- — , pressure of, 294 
— , slots in, 233 

-, tinning of, 228, 294 

Contraction of insulation, 51 
Control by a float, 320 
(''ont roller, 160 

Controllers for traction purposes, 265 
Cooler tubes, choking of, 13 

cleaning of, 354 

, corrovsion in, 347 

, cracks m, 328 

Cooling air, 12 

, circulation, 12, 20 

— — choking of, 10 

- - - , filtration of, 1 1 

— , preheating of, 12 

- — , supply to machint'S, 7, 1 1, 

21 

^ transformers, 1 90 

— - water, 13, 113 

, supply to machines, 113 

— — to transformers, 1 90 

Coro, troubles in the, 45 
Corona effects, 42, 296, 392 

, protection against, 43 

Corrosion caused by fire extin- 
guishers, 185 

in coolers, 220, 347 

in light metals, 352 

in liquid starters, 269, 352 

on field coils, 235 

, selective, 349 

Cotton insulation, 362 
Coupling, position of, for synchronous 
motors, 171 
Couplings, 110, 282 
Cracks in cements, 370 

in cooler tubes, 328 

in insulating materials, 369 
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Oreepage paths on apparatus, 234 

on slip -rings, 163 

on transformers, 207 

Critical speed, 100 

Current distribution in parallel con- 
ductors, 293 

— to brushes, 79 

surges on synchronous motors, 

168 

on converters, 151 

transformers, 258 

^ accuracy of, 261 

, insulation failures in, 262 

, short-circuit stresses in, 

260 

testing polarity, 259 

— , with tappings, 262 

■ variation in asynchronous mo- 

tors, 178 

in d.c. motors, 175 

— in generators, 141 

Damper winding, 313 

, open circuited, 165 

, resistance, 151 

D.c. generators, regulation of, 307 

, speed drop, 128 

motors, speed drop, 172 

, stability, 176 

Defective conn(5ctions in transformers, 
207 

Deflection of the shaft, 48 
— — of the stalor, 48 
Demagnetizing of exciters, 1 45 
Deposit of salt on windings, 23 
Deposition of oil on slip-rings, 163 
Deterioration of lubricating oils, 357 

of windings, 26 

Dezineifieation, 349 
Dielectric losses, 389 
Differential cnirrent relay, 283 

protection for transformers, 197, 

283 

Direction of rotation of d.c. gen- 
erators, 123 

Discharge sparks in apparatus, 237 

in oil switches, 243, 244 

in transformers, 214 

Displaced punchings, 47 
Displacement of the rotor, 48 

of the winding, 96 

Distance pieces in machines, 26 
Distant relay, 283, 289 
Driving machine for generators, 141 
Drying air, 1 9 

of insulating oils, 382 

of varnishes, 373 


Drying of windings, 1 9, 22 
temperature for fibrous mate- 
rials, 362 

Duration of load on machines, 6 
Dust bridges on machines, 25, 33 

, choking of motors, with, 7, 8, 9 

collection on air filters, 7 

on brushes, 55 

on machines, 25 [120 

, protection of bearings against, 

Dynamometer instruments, 255 

Earth, breakdowns to, 28 
Earthing resistances of transformers, 
216 

Economy resistance circuit on mag- 
net coils, 271 

Eddy currents on transformer covers, 
218 

Electrodynamic effects, 41, 238, 248, 
279 

Electrolyte content in fibrous mate- 
rials, 362 

Equalizing connections, 76, 138 
Evolution of gas in transformers, 200, 
211 

Exciter circuit, break in, 150 

, demagnetization of, 145 

requirement in a.c. generators, 

141 

Extinguishing fires, 184, 185, 186 

Fallino out of step of generators, 144 
Fan drives, 167 

Fatigue fractures, 40, 333, 335, 336 
Faulty recording of earth leakage 
indicators, 296 

of meters, 253 

Fibrous materials, 362 
Field coils, 226 

- -, current drop in, 273 

— , rise in, 272 

— - regulator, 122 

, mounting, 128 

open circuited, 156 

short circuited, 175 

— - stepping, 138, 143 

winding reverse connected, 121 

open -circuited, 157 

Filling compounds for insulator bush- 
ings, 295 

Filter presses, 383, 384 
Filtering of cooling air, 11 

plant for transformers, 220 

Filters, obstructed, 113 

, overheating due to choking 

with dust, 11 
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Fire extinguishers, 185 
Flash-overs on coils, 42 

on insulators, 392 

on slip-rings, 163 

on terminals, 209 

Flash point of insulating oils, 381 
Foam formation in oils, 358 
Fracture of brush tails, 82 

Gas explosions in oil switches, 243 
Gear drive, 1 12, 141 

, inaccurate tooth pitch,112 

Generator, putting into ser\ icc, 19, 20 
Grinding commutator with emery 
paper, 88 

Grooving of brushes, 56, 83 
Gun -metal, 339 

Hair cracks in nu'tals, 334 

in varnishes, 373 

Hard paper, 365 

solders, 344 

Hardening additions to bearing 
metals, 339 

Hardness of contacts, 230 
Heat measuri'ments, 3 
Heating, discoloration due to, 77 

, excessive. See Overheating 

of bearings, 1 1 3 

of machines, 19 

of starting resistances, 265 

, permissible limits, 2, 362 

High-sjieed regulators, 302 
Holding coils for relays, 271 
Horn gaps, 290 
Hot-wire instruments, 255 
Humming of induction reirulators,225 

of magneto, 274 

of transformers, 214 

Hunting of a.(*. generators, 143 

of convertors, 153 

of d.c. motors, 1 76 

of regulators, 303 

of synchronous motors, 179 

Impreonatimg compounds for fibrous 
material, 365, 367 
Impregnation of slot wedges, 365 
Indicators for breakdowns to ground, 
faulty recording, 296 
Indirect regulators, 306 
Induction regulators, 225, 317, 318 
Insulating oils, 376 

, refining of, 382 

, renewal of, 376, 386 

transformer, 197 

varnishes, 373 


Insulation, deterioration of, 51 

faults m current transformers, 

263 

of slip-nngs, 163 

resistance measurement, 16 

. soiling of, 163 

testers, 121, 205 

— -, value of machine windings, 17 

Insulator bushings, 207, 237, 295 
Internal stresses of cooler tubes, 328, 
332, 349 

Intorpole adjustment, 72 

field strength, 63 

, overheating of, 13 

winding, 136, 159 

Iron casings, 149 
losses, 5 

trouble in transformers, 211 

Isolating switches, 238 
, throwing out of, 248 

Laminations, insufficient pressing id, 
26 

, short circuits between, 45 

Liquid starters, 266 

-, chloride corrosion in, 269 

Load distribution in asynchronous 
motors, 179 

in d.c. generators, 138 

in d.c. motors, 176 

in rotary converters, 152 

— — in synchronous motors, 182 

hunting in supply systems, 312 

Loading of machines, 5 
Load surges on synchronous motors, 
182 

— with parallel switchmg,3 10 

variations, 141 

Local electrical action, 346 
Locking of starting switches, 170 

of isolation switches, 248 

Loose connections, 175 

contacts in field regulators, 143 

Loosening of transformer clamp bolts, 
212 

— — of windings, 28 
Lubricants for bearings, 116 
Lubricating film, formation of, 338, 
355, 356 

greases, 359 

oils, 355 

for open air plant, 356 

Machine greases, 359 
Machines, heating of, 21 
Magnetic effects on instruments, 257 
lack of symmetry, 77, 108 
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Magnetic pull, 48 

Magnetizing current of transformers, 
193, 198 

Main current leads, 136 
Maintenance of machines, 187 
Measurement of air supply to trans- 
formers, 190 

— of heating, 3 

of insulation resistance, 16 

of winding lesistance, 4 

Measures to be taken in case of fire, 
184 

Mechanical stresses, 328 
Melted diops of non, 211 
Merz-Prue connection, 286 
Meters, 233 
Mica papei, 366 
Mixeil crystals, 346 
Motors, casings, 10 

becoming dusty, 7 

Mounting of brushes, 60, 89 
Moving coil instruments, 254, 256 
iron jnstruments, 254 

NEiiiKAn point earthing in installa- 
tions, 292 

— > jii generators, 280 

zone, 73 

Noise due to iron trouble, 48 
Notch effect , 334 

Oil breakdowns in apparatus, 235 

— coolers, cleaning of, 210 

, fouling of, 219 

dram cor ks, 217 

— tires, 186, 381 

— grooves for bearings, 116 

— hc'ating in transformers, 188 
losses in bearings, 119 

, renewal of, 120 
, resistance of vaniish to, 374 
switches, 242 

— — , ( lackling in, 236 

— — — , exhaust openings in, 245 

^ „ for direct current, 231 

, remote control of, 310 

, subsequent explosions in, 

244 

tanks, earthing of, 219 

of transformers, 217 

testing, 204, 381, 390 

throwing in oil switches, 245 

turbidity in bushings, 296 

varnishes, 373 

Oils for steam turbines, 356 
Open air plant, lubrication of, 238 
circuit in armature, 124 


Open circuit in damper wmding, 165 

m c'xcjter circuit, 150 

jn held winding, 157 

lo rotor winding, 162 

~ m starter, 160 

in stator leads, 159 

winding, 162 

in winding, 40, 77 

Out of balance, 91, 92 

causes of, 95 

— , dynamic, 94, 104 

— , static, 94, 1 02 

Oven -di led \arnishes, 373 
Over excitation of synchronous 
motors, 182 

Overheating of bearings, 113 

— of tommufators, 68 
of ( ontacts, 226 

— of inierpole coils, 13 

— of machines, 1, 13 
of magnet coils, 226 

— — of mam pole, 13 

— of rotating field winding, 141 

of transformers, 188 

Oveiloacl protection for motors, 159 
switches, 160 

time relays, 276 

Overloading of machines, 2 
Over regulation of rapid regulators, 
301 

0\ei -volt ago in apparatus, 236, 274 

— in field windings, 149 

— in rotors, 1 64 

— in transformeis, 203 

— — on switching out, 241 
protection, 236, 290 

by water resistances, 290 

()\er-\oltagos, 241 

Oxidation of fibrous materials, 363 

of insulating oils, 376, 382 

of lubricating oils, 357 

Ozone content of cooling air, 43 

Paraffin, 368 

Parallel operation of converters, 152 

of transformers, 195 

Phase \ oltmeter, 3 1 1 
Phosgene gas, 185 
Pitting of sliprmgs, 51, 57 
Polo sequence of machines, testing, 
130 

Polishing of brushes, 51 
Potential transformers, 257 
Pressboards m insulating oils, 380 

, strength of, 389 

Pressure explosion in oil switches, 242 
oil supply to bearings, 165 
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Pressure piece, 26 
Primary relays, 278 
Protection against burning, 184 
Protective devices on potential trans- 
formers, 257 

relays, 276 

Pulley drive, 111, 156 
slip, 128 

“Pulling over” of rotors, 48 
Pull-out torque of induction motors, 
162 

Punchings, burring of, 45, 47 
Putting into service of generators, 20 

Recrystallization, 332 
Regeneration of oil, 386 
Regulating speed, 301 
Re-ignition on switches, 231, 233 
Relays, 273, 296 

, “fluttering” of, 271 

, overrunning of, 277 

, setting of, 278 

with constant time lag, 278 

Release systems for switches, 322 
“Relieving” method of testing cooler 
tubes, 329 

Residual magnetism, loss of, 123 

^ of magnets, 273 

voltage, 321 

Resinous oils, 384 

Resistance for starting synchronous 
motors, 165 

measurement, 4, 30, 37 

of silicon carbide for current 

transformers, 262 

thermometers, 3 

to heat of fibrous materials, 362 

of insulating oils, 382 

Resonance of machine bedplate, 109 

vibrations, 102 

of regulators. 305 

Reversal of polarity of exciters, 45 
Reverse compound winding, 1 54 

connection of coils, 163 

of exciter winding, 128 

of stator winding, 127 

power relays, 281 

Reversed connections, 1 28 
Reversing processes, 264 
Rheostats, 301 
Ring lubricated bearing, 113 
Roller bearings, 116 

contacts, 228 

Rope drive. 111 

Rotary converters falling out of step, 
153 

, current surges in, 151 


Rotary converters, hunting in, 153 

load distribution to, 152 

^ parallel operation of, 152 

: — ^ voltage regulation of, 151 

Rotating field out of round, 143 

winding, overheating, 141 

Rotor displacement, 48 
— — resistance in a.c. iVotors, 160 

, rubbing of, *155 * 

starter, 266 

winding open -Circuited, 162 

Rusting of machines, 97 

Saponib’ication factor, ’ o 59, 379 
Selective relays, 289 
Selectivity of relays, 197 278 
Self-excitation of generalVirs, 314, 321 
Separating of insulating' compounds, 
368 

Separators for cleaning oil, 383 
Series transformers, wrong phase 
angle of, 259 

-wound motor, 173 

Shaft climbing, 108 

corrosion, 358 

iloflection, 48 

, straightening of, 96 

Shellac, 373 

Short circuit between commutator 
segments, 78, 122 
— layers, 14, 33 

- — — currents m current trans- 

formers, 260 

— _ — on choke coils, 223 

__ _ _ on conductors, 239 

- _ _ _ __ on isolator switches, 

248 

in punchings, 45 

in starting transformer, 

169 

— in windings, 5, 14, 33, 41, 

77, 157 

on commutator, 86 

on field coils, 129 

on relays, 279 

- - — on shunt generators, 124 

Short-circuit rings, oxidation of, 178 

voltage of transformers, 194 

Short-circuiting switches of induction 

regulators, 319 
Silver solders, 343 
Slip of synihronous motors, 168 
Slipping of transmission gear, 175 
Sliprings, grinding of, 60 i 
Sludge formation in insiflating oils, 
376 < 

Smoking of transformers, *200, 211 
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Solder, 342 

brittleness, 330 

fracture, 330 

Soldered coiirit.ction8, 2.'), 77, 78 
Soldering flux, 25, 235, 334 

media, 31-4 

tempc'T .uros, 344 

Solidification point of insulating oils, 

384 

Sparking of brus ,eb, 40, 50, 67, 79, 87 

of (onverters, 153 

Speed drop in driving machines, 133 
oi 1 c. generators, 128 

- — of d ( . mot 018 , 172 
measur ment, 128 

stability in dc motors, 176 

Spraying vai iishes, 373 
Spring pressuie for brushes, 76 
Starting current peak, 160 

motors foi synchronous motors, 

170 

resistances, 265 

torque of d c motors, 157 

of mot 018 , 155, 160 

— transformer for motors, 160 

— troubles of asynchronous 

motors, 159 

— of d c. motors, 1 56 

of rotary convorteis, 148 

— - — of synchronous mo tors, 164 

~ — voltage of rotary converters, 148 
Stator, deflection of, 48 

— leads open circuited, 159 

— u Hidings open circuited, 127, 

162 

Steady an in an, 391 

Ill oil switches, 244 

on porcelain, 393 

Stress (racks in cooler tubes, 32H 
Supply coupling, 312 

lines, switching in of, 314 

^ oiif of, 248 

voltage, regulation, 316 

Support of transformer windings, 214 

of windings, 41 

Switch gasos in controllers, 264 

oils, 384 

operation, 238 

resistances, 246 

Switches, air break, 240 

, centrifugal, 154 

, release systems for, 322 

Switching 1 1 current in transformers, 
19: 

over ] rocesses, 264 

Synchroniz’ng, 310 
transformer, 326 


Synchronous motors, excitation of, 
180 

, hunting, 179 

, toad capacity, 180 

distribution, 182 

— — ^ surges, 182 

— — , ovor-oxcitation, 182 

, reversed polarity, 168 

— , starting motor for, 170 

— , voltage, 164 

, switching over time, 169 

— , sync‘hronizing, 166 

Synchroscope, 310 

Tapped transformers, 316 
Temperature measurement on trans- 
formers, 197 

Tensile strength of fibrous material, 
363 

Testing for water in oils, 386 
Thermometer, 3 
Tiiniing of contacts, 228, 294 
Torque surges, 42, 282 

variations, 143 

Tracking by brushes, 82 
Transformation ratio of current 
transformers, 258 

— of transformers, 195, 197 

Transformers, c*onnoctions, 207 

, c'ooling air supply, 190 

, water supply, 190, 191 

— , system, 217 

— , determination of polarity, 195 
ingress of water, 220 
— , leaking of, 217 

— , oil-heat mg, 188 
— , over-heating, 188 

— , parallel operation, 195 

— , sludge formation m oil, 202 

— , switching out, 250 

, un symmetrical loading, 1 93 
Transient excess voltages in trans- 
formers, 200 

Tripping of relays, 283, 296 

Unsoldering of damper bars, 153 

Variation in volume of fibrous 
materials, 365 

of cements, 370 

Variations in load current, 137 
Vamish, bubbles in, 375 

, pistol for spraying, 374 

, solution in insulating oil, 380 

Varnishes, 373 
for coating, 237, 374 
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Vaseline, 368 
Vibration of machines, 91 

of radiators, 219 

of transformers, 208 

— regulators, 306 
Viscosity of insulating oils, 381 
Viscous filter, 12 

Voltage drop in d c generators, 135 

in leads, 150 

of tiansformors, 194 

on commutators, 137 

regulation of generators, JOl 

testing of machines, 24 

\ariation in converters, 152 

mac generators, 141 

in d 0 generators, 133 

Wakd-Lponard connection, 173, 320, 
321 

Water flow indicators, 191 
Wattless load distribution m power 
stations, 308 

Weak places in cements, 370 
Welded seam not sound, 217 
White metals, 334 
Winding, burning of, 34, 184 

— - defects m transformers, 200 


Winding, deterioiation of, 25 

displacement, 96 

, drying out, 19 

, fixing m transformers, 203 

insulation, cutting through 
41 

— — in tiansfoimers, 205 
, loosening of, 26 

- , open circuited, 40, 78 

- — reversed, 40 

, shoit ( irc uit, intermittent, 31 

, , movement duo t 

203 

^ , protection aganc 

287 

, ciicuits, 5, 14, 33, 36, 41, 

42, 77, 130, 157 

- - supports in machines, 41 
trouble, 13 

Wood for insulation, 367, 380 
oils, 384 

tieated with oil, defects m, 137 
Wrong connection ol vMndings, 1 "8 
159 

Zlbo voltage release, 322 
Zig zag connection, 193 
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